Iron Oxide Nanomagnets in Polymer Matrices – Synthesis and Characterization by Qiu, Shenjie
City University of New York (CUNY) 
CUNY Academic Works 
All Dissertations, Theses, and Capstone 
Projects Dissertations, Theses, and Capstone Projects 
9-2018 
Iron Oxide Nanomagnets in Polymer Matrices – Synthesis and 
Characterization 
Shenjie Qiu 
The Graduate Center, City University of New York 
How does access to this work benefit you? Let us know! 
More information about this work at: https://academicworks.cuny.edu/gc_etds/2761 
Discover additional works at: https://academicworks.cuny.edu 






Iron Oxide Nanomagnets in Polymer Matrices – 














A dissertation submitted to the Graduate Faculty in Chemistry in partial fulfillment of the 




















All Rights Reserved 
iii 
 





This manuscript has been read and accepted for the Graduate Faculty in 
chemistry in satisfaction of the dissertation requirement for the degree of 




Date  Nan-Loh Yang 
Chair of Examining Committee 




Supervisory Committee:  
Professor Nan-Loh Yang 
      Professor    Shi  Jin     









Iron Oxide Nanomagnets in Polymer Matrices – 
Synthesis and Characterization 
By Shenjie Qiu 
Advisors: Professor Nan-loh Yang and Professor Shi Jin 
 
Magneto-responsive polymer-iron oxide materials have been fabricated by coating various 
polymers on iron oxide nanoparticles (NPs). The stability of magneto-responsive polymer-iron 
oxide materials relies on the selection of appropriate coating anchors, such as catechols and 
silanes. This dissertation describes two robust polymer coating systems on iron oxide NPs. One 
system focuses on thermo-responsive nitrated catechol-N-isopropylacrylamide polymers with 
binding enhancement factors (EnF) of ~40 and ~20 towards iron oxide NPs and a boronic acid 
compared to the polymers without the nitro group. The second system involves coating of 
poly(vinyl alcohol) (PVA) on iron oxide NPs via a silane anchor and fabrication of stable PVA 
magneto-ferrogels.  
Catecholic polymers play key roles as versatile adhesives and coatings with universal binding 
affinity in interface systems toward inorganic and organic materials, but their reversible binding 
and tendency to be oxidized led to undesired aggregation of iron oxide NPs and loss of small 
functional molecules derived from boronic acids. Compared to catechol, nitrocatechol displays 
improved binding affinity and anti-oxidation ability. Nitrocatecholic random copolymers 
carrying multiple multidentates can potentially show improved binding affinity toward the 
surface of materials. However, the retardation and inhibition effects of nitrocatechol monomers 
v 
 
pose a challenge to syntheses of structurally well-defined nitrocatecholic polymers via free 
radical polymerization.  
We developed a strategy to synthesize nitrocatecholic polymers without retardation and 
inhibition during the synthetic process. First, the monomer, dopamine methacrylate (DMA), was 
protected with tert-butyldimethylsilyl groups. Then, the nitrocatecholic homopolymer and 
copolymer, polynitrodopamine and poly(nitrodopamine-co-N-isopropylacrylamide), i.e., 
P(NDMA-co-NIPAM) were obtained via thermal free radical polymerization and nitration of the 
catechol ring using acetyl nitrate, followed by deprotection.  
Rigorous enhancement factors (EnF) toward Fe3O4 NPs (diameter: ~15 nm), rendered by the 
nitro group, were determined via competitive binding investigation between polymers with only 
the nitro group difference from the same parental polymer. The competitive binding to Fe3O4 
NPs between catecholic and nitrocatecholic copolymers, poly(dopamine-co-N-
isopropylacrylamide), i.e., P(DMA-co-NIPAM), and P(NDMA-co-NIPAM), was performed in 
neutral methanol under sonication in a nitrogen atmosphere. The interaction of polymer-Fe3O4 
through C-O-Fe bonds was established using FT-IR. With the copolymer containing only 5% of 
nitrocatechol units, remarkable EnF, ~40, were obtained from 1H NMR peak intensity based on 
the free and bound polymer ratios from triplicate experiments. Similar EnF values were obtained 
from the initial weight of each polymer, the total weight loss from TGA and the polymer ratio on 
the surface of Fe3O4 NPs from 
1H NMR. 
Additionally, the enhanced binding affinity toward Fe3O4 NPs (diameter: ~6 nm) of P(NDMA-
co-NIPAM) was further examined with thermo- and magneto-responsive polymer-Fe3O4 
ferrogels fabricated by cross-linking polymers via Fe3O4 NPs. The enhanced stability of 
vi 
 
P(NDMA-co-NIPAM)-Fe3O4 pre-gel suspension on a magnet and its corresponding robust 
ferrogel in the presence of DMA support the former EnF, ~40. 
Furthermore, the improved binding affinity by introducing the nitro group toward a small organic 
molecule, 4-fluorophenylboronic acid (FPBA), was investigated in PBS solutions using 1H NMR. 
The binding constants of P(NDMA-co-NIPAM) to FPBA are about 20 times and 5 times higher 
than P(DMA-co-NIPAM) at pH 6.5 and pH 7.4, respectively. 
Chapter 3 describes the preparation of stable PVA magneto-responsive ferrogels with covalent 
Si-O bonds between PVA and iron oxide NPs. PVA magneto-responsive ferrogels have gained 
increasing interest in important fields such as drug delivery. However, the reported PVA 
magneto-ferrogels without covalent bonds between PVA and iron oxide NPs face potential 
leakage of iron oxide NPs. Herein, to obtain the Fe3O4 NPs covalently coated with PVA, vinyl 
functionalized Fe3O4 NPs using vinyl trimethoxyl silane were copolymerized with vinyl acetate, 
followed by hydrolysis of ester groups in the presence of sodium hydroxide. The resultant PVA-
Fe3O4 NPs were dispersed in water. PVA-Fe3O4 magneto-responsive gels formed after freezing 
at -15 oC and thawing at room temperature for three cycles. No leakage of iron oxide NPs and 
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Chapter 1 Introduction 
 
Magnetic nanoparticles have emerged in recent years as one of the most investigated scientific 
and technological subjects.1-3 A large scope of various magneto-responsive materials have been 
fabricated by coating iron oxide nanoparticles (NPs) with polymers including poly(N-
isopropylacrylamide) (PNIPAM) and poly(vinyl alcohol) (PVA) for potential applications 
including drug delivery, bio-separation and magnetic resonance imaging. One of the important 
required characteristics of these systems is long term integrity, e.g. three years for a 
pharmaceutical stability requirement.4 For iron oxide nanomagnets, it is critical to functionalize 
and stabilize them via different anchors, including catechol and silyl derivatives.5-6 This 
dissertation work involves the investigation of catecholic and nitrocatecholic polymers with 
strong binding affinity toward iron oxide NPs and multi-stimuli responsive materials derived 
from PNIPAM and PVA coated magnetic NPs.  
1.1 Catecholic and Nitrocatecholic Polymers 
The derivatives of catechol (1, 2-dihydroxyl benzene) can be found in adhesives, poisons, insects 
and teas. One of the well-known catechol derivatives is dopamine, a neurotransmitter in the 
human body.  
Mussels in the tough ocean environment can secure themselves tightly to wet rocks or the bottom 
of barges by secreting an adhesive protein rich with a catechol derivative, 3, 4-
dihydroxylphenylalanine.7 Over the past few decades, catechol derivatives have played leading 




polymers have been developed as coating agents, adhesives, reversible gel formation agents and 
heavy metal pollutant removers.8  
Compared with other adhesives, catecholic polymers have exhibited marked advantages in 
stability and versatility. Thiols on noble metals are vulnerable to oxidation, leading to chemical 
and physical instability. Silanes, mainly silicon and silicon dioxide, are wet sensitive. Phosphates 
are limitedly applied on some metal oxides.9 Catecholic polymers can strongly bind to various 
organic (e.g. polymers, yeast cells and even tomatoes) and inorganic surfaces (e.g. iron oxides, 
titanium dioxide, graphene and clays).8, 10-11 The coating process is fast and simple without 
heating or other tedious manipulations.5 
Furthermore, the binding affinity and anti-oxidation ability of catecholic polymers can be 
improved by introducing chloro,12 hydroxyl,13 and nitro groups to the aromatic ring of 
catechols.14 For example, nitrocatecholic chain end polymers have shown ultra-strong binding 
affinity toward iron oxide NPs.14-15 
In the present work, the ultra-strong binding affinity, the structure and binding mechanism of 
catechol and nitrocatechol derivatives are explored and the synthesis of structurally well-defined 
catecholic and nitrocatecholic polymers are developed (Figure 1.1). 
 




1.1.1 The Structure and Properties of Catechol and Nitrocatechol  
Catechol, a weak acid and reducing agent, features an aromatic benzene ring as well as two 
neighboring (-ortho) hydroxyl groups. 
Compared to other alcohols, the acidity of catechol is much stronger due to the delocalization of 
the negative charge to the aromatic ring. Its dissociation constants, pKa1 and pKa2 are 9.2 and 
13.0, respectively.16 Introducing a strong electron-withdrawing group (e.g. nitro group) increases 
the acidity by almost 3 log units. The pKa1 and pKa2 of 4-nitrocatechol are 6.7 and 10.8, 
respectively.16 The enhanced acidity implies that 4-nitrocatechol has higher tendency to forming 
4-nitrocatecholate, a stronger binder to metals and other materials.15 
Catechol tends to be oxidized in the air with a redox potential at around 0.38 V (at pH=7), 
leading to auto-polymerization.17 This property has been the basis for widely coating materials, 
due to the fast adhesion through auto-polymerization and Michael addition of amine groups to 
quinones.18-20 However, due to the low redox potential, oxidation of catechol to quinone is also 
responsible for the decreased coating ability to some degree.21 With a higher potentials (0.589 V) 
in cyclic voltamograms, 4-nitrocatechol displays stronger anti-oxidation ability compared to 
catechol.22-23 The enhanced anti-oxidation ability promises a strong and stable binding ability for 
material coating applications.14 
1.1.2 The Binding Mechanisms of Catechol Derivatives  
The strong binding ability of catechol derivatives to a broad spectrum of materials has attracted a 
massive interest in investigating the intrinsic binding mechanism. Though this substrate-
dependent mechanism is still not fully understood, it has been clearly shown that covalent and 
noncovalent bonds may be involved in the binding (hydrogen bond, π-π stacking, cation-π 




mechanism toward small organic molecules, metal cations and metal oxide nanomaterials is to 
follow.  
1.1.2.1 The Binding Mechanism with Small Molecules 
The complexation mechanism between a small organic molecule, phenylboronic acid, and 
catechol is illustrated in Figure 1.2. The hydroxyl groups of catechol are σ bond donators in 
coordination chemistry. The oxygen lone pair can occupy an empty p or d orbital to form mono, 
bi-dentate complexes with metalloid or metal small molecules. 
Pizer26 proposed that the tetrahedral boronate is formed by attacking the vacant orbital of boron 
by one of the hydroxyl group of catechol, and replacing the hydroxyl group of trigonal 
phenylboronic acid by another hydroxyl group of catechol. Upon the formation of the complex, a 
proton is released and the pH of the reaction solution decreases immediately. A transition state 
shows a fast hybridization orbital conversion from sp2 to sp3 with proton (italic) transfer. 
 
Figure 1.2 The mechanism of catechol boronate formation26 
In addition to metalloid compounds, catechol is an extraordinarily strong chelating agent for a 
broad range of metal cations (Fe3+, Al3+, Zn2+, Cu2+, Mg2+, Mn2+, Cd2+…).27 Possessing d orbitals, 
metal cation complexes with catechol have a coordination number of six. [Fe(cat)3]
3- is the most 
stable complex (logK1>20)
 displaying a distorted octahedral shape with d5 high spin orbitals 
(Figure 1.3). Charge transfer from ligand π to metal 3d observed may be responsible for the high 





Figure 1.3 The octahedral structure of [M(cat)3]
3-, M=(Cr, Fe…)29 
1.1.2.2 The Binding Mechanism for Coating Metal Oxides 
The mechanism of coating metal oxides, including iron oxides and TiO2, using catechol 
derivatives, has been investigated extensively.9  
Similar to [Fe(cat)3]
3-, catechols were found to form bidentate chelating bonds with metal on the 
surface of metal oxides due to surface defects. For Fe2O3 NPs with a diameter of 3 nm, the ratio 
of octahedral to tetrahedral iron centers increased from 73:27 to 88:11 for coating with 
catechol.30 The five-membered ring configuration, which is responsible for ultra-stable binding 
to metal oxides (Fe2O3, TiO2, ZnO…),
31-32 could result from the improved orbital overlap and a 
reduced steric effect on the bidentate iron complex (Figure 1.4).33-34  
 





In addition to bidentate complexes, monodentate complexes35-36 and bridge bidentate 
complexes37 have also been proposed for the catechol binding to TiO2. 
1.1.3 Nitrocatecholic Polymers with Multiple Multidentates 
With enhanced binding affinity and anti-oxidation ability, a number of nitrocatecholic polymers 
have been synthesized including side chain polymers and chain end polymers.8 Though various 
chain end polymers carrying a nitrocatechol anchor have been developed by Reimhult13-14, 38 for 
preparation of ultrastable iron oxide NPs, nitrocatecholic polymers with multiple multidentates 
can further enhance the polymer binding ability39 and form self-healing gels for various 
applications. 
 
Figure 1.5 Preparation of PEG-ND4
40 
Star polymers can provide multiple multidentates. By chain end functionalizing 4-arm 
poly(ethylene glycol) using nitrodopamine (ND), PEG-ND4 was synthesized to prepare a self-
healing gel through coordination with Fe3+. The photo-responsive gel could be decomposed 
under UV irradiation (Figure 1.5).40  
Random copolymers can bear tunable multiple multidentates. Messersmith41 copolymerized of 




obtain P(NDMA-co-OEGMA) with different compositions. Using a boron acid crosslinker, a 
self-healing gel was formed with bio-compatibility confirmed via mammalian cell-viability 
assessment. The copolymer has lower molecular weight than the polymer without nitrodopamine 
moieties, due to the inhibition effect of nitrodopamine units. 
 
Figure 1.6  General synthesis procedure for nitrocatechol-functionalized PAAm42 
Multiple multidentates can be grafted to precursor copolymers.42-43 Poly(nitrodopamine 
methacrylamide-co-acrylamide) (P(NDMA-co-AA)) was prepared through grafting ND to 
poly(acrylic acid N–hydroxysuccinimide ester-co-acrylamide) (P(AA-NHS-co-AA)) in borax 
buffer solution (pH = 8.0) for 24 h under N2 protection (Figure 1.6). The grafting yields based on 
P(AA-NHS-co-AA) were around 25%. Nanocomposite hydrogels were formed using Laponite 




1.1.4 Dual Thermo- and Magneto-responsive Composites Based on Poly(N-
isopropylacrylamide) using Catechol or Nitrocatechol Anchors 
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most extensively investigated thermo-
responsive polymers with a lower critical solution temperature (LCST) at 32 oC,44 ideal for drug 
delivery and bio-separation (Figure 1.10).45-46 At a low temperature, hydrophilic amide groups of 
PNIPAM coils have strong hydrogen bond interaction with water molecules. When the 
temperature is higher than its LCST, the interaction between hydrophobic methyl groups leads to 
globular polymer particles in water.44  
 
Figure 1.7 Structure of PNIPAM 
Dual thermo- and magneto-responsive nanomaterials can be prepared by coating PNIPAM on 
iron oxides through catechol anchors.5 Pellegrino et al. grafted PNIPAM on the surface of iron 
oxide nanocubes (length: 19-22 nm) using a RAFT anchor derived from catechol. The iron 
nanotubes served as drug carriers degrading in the liver with the best heating efficiency.47 For 
potential cancer therapy, PEGA was incorporated to increase the LCST to 47 oC. Controlled 
DOX release from nanotubes could be conducted in an alternative magnetic field (AMF).47 
Via nitrocatechol chain end groups, PNIPAM was also coated onto iron oxide NPs using “Graft 
from” and “Graft to” strategies to prepare thermo- and magneto-responsive core-shell NPs,48 










catechol.49 The polymer density on “grafting-to” NPs was 1 chain/nm2 while polymer density on 
“grafting-from” NPs was 0.8 chain/nm2. Both grafting strategies give dual thermo- and magneto-
responsive functions.  
1.1.5 Summary 
The structure, properties and binding mechanisms of catechol and nitrocatechol were reviewed. 
Compared with alkyl diols and catechol, acidic nitrocatechol can strongly bind to small 
molecules and metal oxide NPs. A stable five-membered chelate ring is responsible for the 
strong binding along with other interactions. Due to the electron-withdrawing nitro group, 
nitrocatechol chain end polymers show stronger anti-oxidation and binding ability. Well-defined 
nitrocatecholic copolymers carrying tunable multiple multidentates are obtained through 
circumventing inhibition or low grafting yield for various applications such as dual thermo- and 
magneto-responsive composites. 
1.2 Ferrogels Based on Poly(Vinyl Alcohol) 
Because of its biocompatibility, nontoxicity and high stability, poly (vinyl alcohol) (PVA) is one 
of the most popular polymers for contact lenses, tissue engineering and drug delivery. Bearing 
multiple hydroxyl groups, PVA can stabilize iron oxide NPs via hydrogen bonds to form PVA-
iron oxide ferrogel using the freezing-thawing method in water.  
By dispersing iron oxide NPs in the PVA solution and gelation through freezing-thawing cycles, 
Liu et al.50 prepared a magnetic PVA gel for controlled release of vitamin B12 in AMF. When a 
magnetic field (MF) was applied, the drug was locked in the pores with reduced size resulting 
from the aggregated NPs. A burst of drug release occurred when the MF was switched off. The 




Without covalent bonding, the magnetic NPs tend to migrate out of the polymer composites.6 To 
improve the stability of magnetic PVA-iron oxide composites, PVA was covalently coated on 
magnetic NPs via various anchors. Using glutaraldehyde as the anchor, PVA was grafted onto 
the surface of iron oxide NPs at 70-95 oC in the presence of HCl through C-O-C and C-O-Fe 
covalent bonds, which were confirmed using FT-IR.51 Recently, by incorporation of poly(acrylic 
acid) (PAA), PVA-co-PAA bound to iron oxide NPs through coordinate covalent bonds.5 The 
PVA-co-PAA-iron oxide composite exhibited enhanced conductivity, as compared to the 
copolymer.52 
Though numbers of PVA-iron oxide composites have been reported, we developed robust PVA-
iron oxide ferrogels without leakage of iron oxide NPs for various applications requiring long 
term stability. 
1.3 Scope of the Dissertation 
The research in Chapter 2 was motivated by the super-strong binding ability of nitrocatechol 
derivatives to iron oxide NPs and small molecules, boronic acids as compared with catechols. 
Our aim was to synthesize well-defined nitrocatecholic linear random copolymers without side 
reactions from the inhibition and retardation effects of the nitrocatechol functionality. NIPAM 
was chosen as the co-monomer due to its LCST close to human body temperature. TBDMS was 
involved in protection of the catechol functionalities followed by nitration of the protected 
copolymers. Using the nitro and non-nitro copolymers from the same parent copolymer, 
enhancement factors (EnF) resulting from the effect of the nitro group were established via 




Possessing high EnF, an ultra-stable dual thermo-, magneto-responsive nitrocatecholic ferrogels 
can potentially serve as basis for broad applications such as drug delivery. 
Chapter 3 focuses on preparation of ultra-stable PVA-Fe3O4 magneto-responsive ferrogel using a 
silyl anchor via freezing-thawing cycles for gel formation. 
In Chapter 4, the main investigation results are summarized and future research is suggested 





Chapter 2 Syntheses and 
Characterization of Nitrocatecholic 




Catechol derivatives have been demonstrated as versatile agents for widespread applications in 
interface systems due to their high binding affinity with both organic and inorganic materials. 
Various catecholic polymers have been developed for adhesion to a wide range of materials 
including iron oxide nanoparticles (NPs), which have broad potential applications.8-9, 53-59  
The reversible binding between catecholic polymers and boronic acids has also been utilized for 
sequestration of bacteria,60 visualization of cells,61 targeting cancer cells,62 preparation of 
hydrogels63-65 and delivery of bortezomib, a boronic anticancer drug.66-68 However, the tendency 
of catechol to be oxidized leads to undesired aggregation of iron oxide NPs and instability of 
catechol boronate.31, 61  
Due to the strong electron withdrawing effect of the nitro group, nitrocatechol anchors contribute 
to enhanced acidity, binding affinity and anti-oxidation ability.15, 69 For instance, ultra-stable iron 
oxide NPs were prepared from copolymers carrying a nitrocatechol chain end group.14  
PNIPAM-catecholic random copolymers, poly(dopamine methacrylamide-co-N-




binding affinity, were coated on Si wafers to prepare cell sheets70 and used in fabrication of self-
healing and multi-stimuli responsive gels via reversible binding with borate.64-65 However, 
PNIPAM-catecholic random copolymers suffered from oxidation in the air, limiting their 
applications.64-65 
PNIPAM-nitrocatecholic random copolymers, obtained by nitration of PNIPAM-catecholic 
random copolymers, not only can potentially show improved binding stability toward the surface 
of materials, e. g. iron oxide NPs, but also prevent the loss of loaded bortezomib and other 
boronic bioactive molecules in biomedical applications. However, coating of iron oxide NPs 
using nitrocatecholic copolymer with random counit distribution has not been reported. This may 
be partially due to the challenges of obtaining such polymers through radical polymerization. 
The complications include inhibition from nitrocatechol in free radical polymerizations41, 71 and 
incomplete graft of nitrocatechol to precursor polymers42-43 in random nitrocatecholic copolymer 
synthesis. 
Moreover, the magnitude of difference in the binding affinity of nitrocatecholic and catecholic 
polymers has not been established. This is potentially important information for the subject of 
adhesion.  
Here we report the synthesis of a thermo-responsive nitrocatecholic random copolymer, poly(6-
nitrodopamine methacrylamide-co-N-isopropylacrylamide) i.e. P(NDMA-co-NIPAM). And the 
quantitative enhancement of the polymer binding affinity to Fe3O4 NPs due to the nitration of the 
catechol functionality was obtained through competitive binding studies of the two copolymers 
to Fe3O4 NPs. The enhanced binding affinity and anti-oxidation ability were further examined on 








of the catecholic and nitro copolymers to an organic boronic acid, 4-fluorophenylboronic acid, 
were measured directly using 1H NMR. 
2.2 Synthesis and Protection of the Catechol Monomer  
Catecholic random copolymers were primarily obtained via free radical polymerization of 
catechol monomers, such as dopamine methacrylamide (DMA) and 3,4-dihydroxystyrene. 
Owing to the inhibition effects of the catechol, it is necessary to protect the hydroxyl groups 
against side reactions in organic and polymer synthesis. Various strategies have been developed 
using alkyl groups, silyl groups and boronate groups to protect catechol monomers in the 
polymerization process.8, 72-74 Here DMA was synthesized according to a reported procedure.75 
To minimize the inhibition effect of catechol derivatives in polymerization, the hydroxyl groups 
of DMA were protected using tert-butyldimethylsilyl chloride (Scheme 2.1 (a)). 
2.2.1 Experimental 
2.2.1.1 Materials 
N, N-dimethylformamide (DMF, 99%, Acros) was distilled over CaH2. Dopamine hydrochloride 
(99%, Alfa Aesar), methacrylic anhydride (97%, Sigma-Aldrich), sodium tetraborate 
decahydrate (99%, Alfa Aesar), sodium bicarbonate (99.7%, Sigma-Aldrich), tert-
butyldimethylsilyl chloride (TBDMS-Cl, 97%, Sigma-Aldrich), and 1, 8-
diazabicyclo[5.4.0]undec-7-ene (DBU, 98%, Sigma-Aldrich) were used as received. 
2.2.1.2 Instrumentation 
All NMR spectra were obtained in deuterated dimethyl sulfoxide (DMSO-d6) or deuterated 
chloroform (CD3Cl) with an Agilent VNMRS (600 MHz) using a HCN cryoprobe. The data were 




pulse sequence with an observed frequency of 599.9414 MHz, 2.0 s relaxation delay, 2.0 µs 
pulse and 64-512 scans. 13C NMR spectra were performed at 150.87 MHz with a π/4 pulse width 
of 6.55 µs, 3.0 s recycle delay and 4000 scans.  
2.2.1.3 Synthesis and Protection of the Monomer 
2.2.1.3.1 Synthesis of Dopamine Methacrylamide (DMA)76  
Monomer DMA was synthesized based on modifications of a reported method.75 Sodium 
tetraborate decahydrate (20.00 g) and sodium bicarbonate (8.00 g) were added to 200 mL of 
water. After bubbling the mixture with N2 for 30 min, 10.00 g of dopamine hydrochloride (52.8 
mmol) was added under N2 protection. After stirring for another 2 hours, 9.4 mL of methacrylic 
anhydride (62.8 mmol) in 50 mL of tetrahydrofuran (THF) was then added dropwise into the 
reaction mixture. The reaction mixture was stirred for 14 h at room temperature under N2 
protection. Subsequently, the undissolved solid was filtered out and the pH of the filtrate was 
adjusted to lower than 2 using concentrated hydrochloric acid. The acidified aqueous solution 
was kept in refrigerator to precipitate out crude product. The crude product (5.51 g) was purified 
by recrystallization from methanol/water (v/v=9/1). The purified product was dried under a 
vacuum at 60 oC (3.05 g, 26 %). 
1H NMR (600 MHz, DMSO-d6) δ (ppm): 8.75 (s, 1H, C6H3(OH)(OH)-), 8.63 (s, 1H, 
C6H3(OH)(OH)-), 7.93 (t, 1H, C6H3(OH)2-CH2-CH2-NH-C(=O)-), 6.63 (d, 1H, C6H2H(OH)2-), 
6.57 (s, 1H, C6H2H(OH)2-), 6.41 (d, 1H, C6H2H(OH)2-), 5.61 (s, 1H, -C(=O)-C(CH3)=CHH), 
5.29 (s, 1H, -C(=O)-C(CH3)=CHH), 3.22 (q, J=7.0 Hz, 2H, -CH2-CH2-NH-C(=O)-), 2.55 (t, 




13C NMR (600 MHz, DMSO-d6) δ (ppm): 167.26 (1C, -NH-C(=O)-C(CH3)=CH2), 140.06 (1C, -
NH-C(=O)-C(CH3)=CH2), 145.02-115.39 (6C, C6H3(OH)2-CH2-CH2-NH-C(=O)-), 118.79 (1C, -
NH-C(=O)-C(CH3)=CH2), 40.93 (1C, C6H3(OH)2-CH2-CH2-NH-C(=O)-), 34.58 (1C, 
C6H3(OH)2-CH2-CH2-NH-C(=O)-), 18.67 (1C, -C(=O)-C(CH3)=CH2). Italics indicate the atom 
generating the peak. 
2.2.1.3.2 Protection of DMA using tert-Butyldimethylsilyl Chloride  
TBDMS-Cl (6.80 g, 45.1 mmol) and 3.26 g of DMA (14.7 mmol) were dissolved in 40 mL of 
DMF. The solution was cooled in a dry ice bath for 10 min, followed by the addition of 1, 8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (7 mL, 46.8 mmol). After the reaction was stirred in a 
dry ice bath for 4 h and an additional 20 h at room temperature, the solid was removed by 
filtration. 
The filtrate was diluted with 250 mL of water and the crude product was extracted with hexane 
(3×200 mL). The hexane was removed with a rotary evaporator after it was dried over anhydrous 
Na2SO4. The crude product was purified with hexane/ethyl acetate (v/v=90/10) using silica 
column chromatography to give 2.05 g of white solid, N-(3,4-bis((tert-
butyldimethylsilyl)oxy)phenethyl)methacrylamide (SDMA) (31 %). 
1H NMR (600 MHz, CDCl3) δ (ppm): 6.76 (d, 1H, C6H2H(OTBDMS)2-), 6.66 (s, 1H, C6 
H2H(OTBDMS)2-), 6.62 (d, 1H, C6H2H(OTBDMS)2-), 5.77 (t, 1H, -CH2-CH2-NH-C(=O)-), 5.58 
(s, 1H, -C(=O)-C(CH3)=CHH), 5.26 (s, 1H, -C(=O)-C(CH3)=CHH), 3.51 (q, J=6.4 Hz, 2H, -
CH2-CH2-NH-C(=O)-), 2.72 (t, J=7.2 Hz, 2H, C6H3(OTBDMS)2-CH2-CH2-), 1.90 (s, 3H, -




13C NMR (600 MHz, CDCl3) δ (ppm): 168.48 (1C, -NH-C(=O)-C(CH3)=CH2), 140.29 (1C, -
NH-C(=O)-C(CH3)=CH2), 146.96-121.29 (6C, C6H3(OTBDMS)2-CH2-CH2-NH-C(=O)-), 119.47 
(1C, -NH-C(=O)-C(CH3)=CH2), 40.75 (1C, C6H3(OTBDMS)2-CH2-CH2-NH-C(=O)-), 34.83 (1C, 
C6H3(OTBDMS)2-CH2-CH2-NH-C(=O)-), 18.8 (1C, -C(=O)-C(CH3)=CH2), 18.64 (6C, -
Si(CH3)2-C-(CH3)3), -3.90 (4C, -Si(CH3)2-C-(CH3)3). Italics indicate the atom generating the 
peak. 
2.2.2 Results and Discussion 
2.2.2.1 Synthesis of DMA  
 
Figure 2.1 1H NMR spectrum of DMA in DMSO-d6 
The monomer, DMA, was prepared from methacrylic anhydride and dopamine with its hydroxyl 
groups protected using borax in excess.75 The pH value was kept above 8 using sodium 




filtration, DMA was precipitated out by tuning the pH lower than 2 using concentrated HCl, and 
recrystallized from water/methanol (v/v=1/9) to yield pure DMA. The structure of DMA was 
confirmed using 1H NMR (Figure 2.1).75 The two proton signals at 8.6 ppm and 8.8 ppm are 
attributed to hydroxyl groups. The peak at 7.9 ppm is from the proton of the amide group. The 
three catechol aromatic proton peaks appear at 6.6 ppm, 6.5 ppm and 6.4 ppm. The signals of the 
double bond appear at 5.3 ppm and 5.6 ppm. The peaks at around 3.2 ppm and 2.6 ppm belong to 
two methylene groups connecting to the acrylamide group and aromatic ring, respectively. The 
signal at 1.8 ppm is assigned to the methyl group connecting to the double bond. The integral 
ratio of (H11+H10)/H9/(H8+H7+H6)/H5/H4/H3/H2/H1 is approximately 
2.04/1.03/3.14/1.07/1.06/2.33/2.24/3.29. This result is close to the proton ratio 2/1/3/1/1/2/2/3, 
confirming the successful synthesis of the monomer, DMA.  
 




DMA was also characterized with 13C NMR (Figure 2.2) and the obtained spectrum is consistent 
with the literature.75 The peak at 167.3 ppm is assigned to the amide group. The carbon signal at 
140.1 ppm belongs to the double bond connecting to the methyl group. The other carbon signal 
of the double bond shows up at 118.7 ppm. Six carbon aromatic signals appear between 145.0-
115.4 ppm. The peak at 41.0 ppm is assigned to the carbon connecting to the amide group and 
the signal at 34.6 ppm belongs to the carbon linking to the aromatic ring. The carbon signal of 
the methyl group occurs at 18.7 ppm. 
2.2.2.2 Protection of DMA (Synthesis of N-(3,4-bis((tert-butyldimethylsilyl)oxy)phenethyl) 
methacrylamide) 
Tert-butyldimethylsilyl chloride (TBDMS-Cl) was used as a protection agent for the hydroxyl 
groups of catechols72-73 via silylation.77 Compared to tert-butyldiphenylsilyl-chloride (TBDPS-
Cl), the agent TBDMS does not have aromatic side reactions, an advantage over tert-
butyldiphenylsilyl-chloride (TBDPS-Cl). 
Protection of DMA using TBDMS-Cl proceeded smoothly in the presence of 1, 8-
diazabicyclo[5.4.0]undec-7-ene (DBU) at room temperature. The product was extracted with 
hexane from diluted water/DMF solution. After removing hexane, the resulting N-(3,4-bis((tert-
butyldimethylsilyl)oxy)phenethyl)methacrylamide, SDMA, was purified via flash column 
chromatography, with confirmation from NMR spectra. Compared with the unprotected 
monomer, DMA (Figure 2.1), the 1H NMR spectrum of protected monomer, SDMA, shows no 
OH peaks at 8-9 ppm (Figure 2.3). Two new peaks appear at 0.97 ppm and 0.18 ppm, 
attributable to the tert-butyl and methyl groups of TBDMS. The integral ratio of peak areas 
(H8+H7+H6)/H9/H5/H4/H3/H2/H1/H11/H10 is about 3/1/1/1/2/2/3/18/12, confirming both of 





Figure 2.3 1H NMR spectrum of SDMA in CDCl3 
 
 




The 13C NMR of SDMA shows the peaks of the TBDMS group at -3.9 ppm (methyl group) and 
18.6 ppm (tert-butyl group), indicating the successful capping of hydroxyl groups using 
TBDMS-Cl (Figure 2.4).78 
2.2.3 Summary 
The monomer, DMA, was prepared and the hydroxyl groups were capped with TBDMS groups 
for preparation of catecholic and nitro polymers, as confirmed by NMR data. 
Other methods were also tried to protect the hydroxyl groups of DMA but without complete 
success. Borax could not completely protect catechols due to reversible complexation; isopropyl 
bromide only protected one hydroxyl group of DMA; the cyclic ether ring formed between DMA 
and 1, 3-dibromopropane was too stable to be deprotected;79 The aromatic rings of TBDPS 
resulted in side reactions in the nitration. Compared with a number of other methods for catechol 
protection, using TBDMS to protect DMA is the best protocol for the synthesis of nitro polymers. 
2.3 Syntheses of Polymers  
We have successfully synthesized, for the first time, nitro homopolymer and copolymers, 
circumventing the inhibition and retardation effects from nitrocatechol monomers during the 
course of radical polymerization. Nitroaromatic polymers were usually obtained through 
polymerization of nitroaromatic monomers. However, the nitroaromatic monomers, such as 
meta-nitrostyrene,80 ortho-nitrostyrene and 3-nitro-4-hydroxystyrene,81 are also inhibitors and 
retarders in free radical polymerization.71 Thus, the reported nitroaromatic polymers obtained via 
direct free radical polymerization, had low molecular weight with chain transfer.71, 82 To 
minimize the retardation and inhibition from the nitrocatechol structure in radical polymerization, 
the nitro homopolymer and random copolymers were obtained via nitrating the TBDMS 






N-isopropylacrylamide (NIPAM, 98%, TCI) was purified by recrystallization from 
hexane/toluene (v/v=70/30) and dried under a vacuum. Azobisisobutyronitrile (AIBN, 98%, 
Sigma-Aldrich) was purified by recrystallization from methanol. Trifluoroacetic acid (TFA) 
(99%, Alfa Aesar) in the presence of 0.5% of trifluoroacetic anhydride (TFAA) (99%, Alfa 
Aesar) was distilled over KMnO4. Chloroform (99%, Sigma-Aldrich) was washed with water to 
remove ethanol and distilled over anhydrous Na2SO4. DMF (99%, Acros) was distilled over 
CaH2. Acetic acid (100%, J. T. Baker), acetic anhydride (99.5 %, Sigma-Aldrich), nitric acid 
(ACS reagent, Acros), sodium bicarbonate (99.7%, Sigma-Aldrich), tetrabutylammonium 
fluoride (TBAF, 1.0 M in THF, Sigma-Aldrich), and sodium nitrite (97%, Alfa Aesar) were used 
as received. 
2.3.1.2 Instrumentation  
All NMR spectra were conducted in deuterated dimethyl sulfoxide (DMSO-d6) or deuterated 
chloroform (CD3Cl) with an Agilent VNMRS (600 MHz) using a HCN cryoprobe. The data were 
processed using SpinWorks or standard VNMRJ. 1H NMR spectra were collected using a single 
pulse sequence with an observed frequency of 599.9414 MHz, 2.0 s relaxation delay, 2.0 µs 
pulse and 64-512 scans. 13C NMR spectra were performed at 150.87 MHz with a π/4 pulse width 
of 6.55 µs, 3.0 s recycle delay and 4000 scans. 2D 1H-13C heteronuclear multiple-bond 
correlation spectroscopy (HMBC) spectrum was carried out with JnCH of 10 Hz and 1.5 s delay 
for long-range 1H-13C coupling selection. The number of transients was 248. Complex points 




nuclear overhauser spectroscopy (NOESY) spectra were recorded with the mixing time of 600 
ms at 40 oC. In the F1 dimension, 4 transients and 128 time increments were recorded. The 
number of collected complex points was 1024 in the F2 dimension and the recycle delay was 1.0 
s.  
The molecular weights and molecular weight distribution, Mw̅̅ ̅̅̅/Mn̅̅ ̅̅ , of copolymer samples were 
determined by a size exclusion chromatography system (Tosoh, HLC-8320GPC EcoSEC) 
equipped with refractive index and UV visible detectors using linear polystyrene standards  for 
calibration at 40 ⁰C. THF was applied as eluent with a flow rate of 0.35 mL/min at 40 ⁰C.  
2.3.1.3 Syntheses of Polymers 
2.3.1.3.1 Synthesis of Poly(N-(3,4-bis((tert-butyldimethylsilyl)oxy) 
phenethyl)methacrylamide) (PSDMA) 
A 3.5 mL of DMF solution of 0.78 g (1.7 mmol) of SDMA and 3 mg (0.018 mmol) of AIBN was 
bubbled with nitrogen for 30 min. Polymerization was conducted at 70 oC for 24 h and part of 
the polymer precipitated out. Complete precipitation was performed by the addition of 10 mL of 
methanol. The solvent was decanted and the polymer was washed with hot methanol in a Soxhlet 
extractor for 24 h. Finally, 0.4 g of poly(N-(3,4-bis((tert-butyldimethylsilyl)oxy)phenethyl) 
methacrylamide) (PSDMA) was obtained after drying in a vacuum at room temperature.  
1H NMR (600 MHz, CDCl3) δ (ppm): 6.68-6.61 (m, 3H, C6H3(OTBDMS)2-), 3.27 (s, 2H, -CH2-
CH2-NH-C(=O)-), 2.61 (s, 2H, C6H3(OTBDMS)2-CH2-CH2-), 1.75 (m, br, 2H, -C(C=O)(CH3)-
CH2-, backbone), 0.93 (s, 18H, -Si(CH3)2-C-(CH3)3), 0.12 (s, 12H, -Si(CH3)2-C-(CH3)3). Italics 




2.3.1.3.2 Synthesis of Poly(N-(3,4-bis((tert-butyldimethylsilyl)oxy)-6-
nitrophenethyl)methacrylamide) (PSNDMA) 
After 0.1 g of PSDMA was dissolved in 1 mL of CHCl3, 0.06 g of NaNO2 was added. The 
mixture was stirred in a dry ice bath for 10 min. Subsequently, 0.2 mL of CF3COOH was added, 
and the solution was stirred in an ice bath for an additional 30 min. 
The NaNO2 and TFA were washed away with water until pH=7. The polymer, PSNDMA, was 
precipitated with methanol and dried in a vacuum at room temperature. Around 0.05 g of poly(N-
(3,4-bis((tert-butyldimethylsilyl)oxy)-6-nitrophenethyl)methacrylamide) (PSNDMA) was 
obtained.  
The nitration was performed successfully using acetyl nitrate following the synthesis procedure 
of the nitro copolymers in 2.3.1.3.6.  
1H NMR (600 MHz, CDCl3) δ (ppm): 7.49-6.74 (ds, 2H, C6H2(OTBDMS)2(NO2)-), 3.38 (s, 2H, 
-CH2-CH2-NH-C(=O)-), 2.97 (s, 2H, C6H3(OTBDMS)2-CH2-CH2-), 1.85 (m, br, 2H, -
C(C=O)(CH3)-CH2-, backbone), 0.95 (s, 18H, -Si(CH3)2-C-(CH3)3), 0.18 (s, 12H, -Si(CH3)2-C-
(CH3)3). Italics indicate the atom generating the peak. 
2.3.1.3.3 Synthesis of Poly(6-nitrodopamine methacrylamide) (PNDMA) 
One mL of 1M TBAF in THF was added to a 1 mL of THF solution of PSNDMA (ca. 0.05 g). 
The solution was stirred at room temperature for 1 h.  
Poly(6-nitrodopamine methacrylamide) (PNDMA) was precipitated out with pentane and 
purified by dissolving in 2 mL of DMSO, followed by reprecipitation 10 times with HCl (pH=2). 
1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.32 (s, 1H, (NO2)C6H2(OH)(OH)-), 9.67 (s, 1H, 




(NO2)C6HH(OH)2-), 3.16 (s, br, 2H, -CH2-NH-C(=O)-), 2.84 (s, br, 2H, -CH2-C6H2(NO2)(OH)2), 
1.67 (m, br, 2H, -C(C=O)(CH3)-CH2-), 0.86 (s, 3H, -C(C=O)(CH3)-CH2-). 
2.3.1.3.4 Synthesis of Poly(dopamine methacrylamide) (PDMA) 
The synthesis of poly(dopamine methacrylamide) (PDMA) follows the deprotection of hydroxyl 
groups in PNDMA synthesis described in 2.3.1.3.3. 
1H NMR (600 MHz, DMSO-d6) δ (ppm): 8.66 (s, 2H, C6H3(OH)2-), 7.32 (s, 1H, C6H3(OH)2-
CH2-CH2-NH-C(=O)-), 6.53-6.33 (m, 3H, C6H3(OH)2-), 3.04 (s, 2H, -CH2-CH2-NH-C(=O)-), 2.5 
(s, 2H, C6H3(OH)2-CH2-CH2-), 1.61 (m, br, 2H, -C(C=O)(CH3)-CH2-, backbone), 0.81 (s, 3H, -
C(C=O)(CH3)-CH2-). Italics indicate the atom generating the peak. 
2.3.1.3.5 Synthesis of Poly(O,O’-bis(tert-butyldimethylsilyl)dopamine methacrylamide-co-
N-isopropylacrylamide) [P(SDMA-co-NIPAM)] 
In a typical polymerization, 1.26 g of SDMA (2.8 mmol), 2.92 g of NIPAM (25.8 mmol) and 24 
mg of AIBN (0.15 mmol) were dissolved in 14 mL of DMF. Polymerization conducted at 80 oC 
for 24 h after the solution was bubbled with N2 for 30 min. The polymer was precipitated out 
with 20 mL of water and purified by washing with boiling hexane in a Soxhlet extractor for 24 h. 
About 4.0 g of P(SDMA-co-NIPAM) was obtained after drying in a vacuum at room temperature. 
1H NMR (600 MHz, CDCl3) δ (ppm): 7.20 (m, 1H, br, -NH-C(=O)-), 6.75 (s, 1H, 
C6H2H(OTBDMS)2-CH2-), 6.62-6.57 (d, 2H, C6H2H(OTBDMS)2-CH2-), 3.91 (s, 1H, -
CH(CH3)2), 3.30 (s, br, 2H, -CH2-NH-C(=O)-), 2.61 (s, br, 2H, -CH2-C6H3(OTBDMS)2), 2.24 




CH2-), 1.11 (s, 6H, (CH3)2CH- and s, 3H, -C(C=O)(CH3)-CH2-), 0.96 (s, 18H, -Si(CH3)2-C-
(CH3)3), 0.17 (s, 12H, -Si(CH3)2-C-(CH3)3). Italics indicate the atom generating the peak. 
2.3.1.3.6 Synthesis of P(NDMA-co-NIPAM) 
After 0.45 g of P(SDMA-co-NIPAM) was dissolved in 5 mL of CHCl3 in an ice bath, cool 
concentrated nitric acid (0.16 mL) in acetic anhydride (1.6 mL) was added dropwise into the 
polymer solution. The solution was stirred in the ice bath for 20 min with reaction progress 
monitored using 1H NMR. After complete nitration, 0.5 g of ascorbic acid was added. The 
mixture was stirred for 2 h using 20 mL of hexane for precipitation. The precipitate was washed 
using boiling hexane in a Soxhlet apparatus for 24 h. After drying thoroughly in a vacuum, the 
precipitate was dissolved in 5 mL of THF/methanol (v/v=4.5/0.5) and treated with 1 mL of 
TBAF/THF (1 M). After stirring for 2 h, the polymer precipitate was collected and washed using 
boiling hexane in a Soxhlet apparatus for 24 h. The polymer was further purified by six times 
reprecipitation using 5 mL of methanol and 10 mL of HCl (pH=2) before drying in a vacuum, 
with a final yield of 0.25 g of polymer. 
1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.41 (s, 1H, (NO2)C6H2(OH)(OH)-), 9.81 (s, 1H, 
(NO2)C6H2(OH)(OH)-), 7.47 (s, 1H, (NO2)C6HH(OH)2-), 7.18 (m, 1H, br, -NH-C(=O)-), 6.73 (s, 
1H, (NO2)C6HH(OH)2-), 3.83 (s, 1H, -CH(CH3)2), 3.18 (s, br, 2H, -CH2-NH-C(=O)-), 2.87 (s, br, 
2H, -CH2-C6H2(NO2)(OH)2), 1.95 (m, br, 1H, -CH(C=O)-CH2-), 1.42 (m, br, 2H, -CH(C=O)-
CH2- and m, br, 2H, -C(C=O)(CH3)-CH2-, backbone of NIPAM and NDMA), 1.03 (s, 6H, 
(CH3)2CH- and s, 3H, -C(C=O)(CH3)-CH2-). 
13C NMR (600 MHz, DMSO-d6) δ (ppm): 173.79 (1C, -NH-C(=O)-), 151.66-112.57 (6C, 




(NO2)C6H2(OH)2-CH2-CH2-NH-C(=O)-; 1C, -CH(CH3)2 and 1C, -CH2-CH(C=O)-), 39.0-34.6 (s, 
1C, -C(CH3)(C=O)-CH2- and 1C, -CH2-CH(C=O)-), 33.2 (1C, (NO2)C6H2(OH)2-CH2-CH2-NH-
C(=O)-), 22.71 (1C, -C(C=O)(CH3)-CH2- and 2C, -CH(CH3)2). Italics indicate the atom 
responsible for the peak. 
2.3.1.3.7 Synthesis of P(DMA-co-NIPAM) 
The preparation of P(DMA-co-NIPAM) is similar to the synthesis of P(NDMA-co-NIPAM). The 
NMR peak assignment is based on references.64-65, 74, 83 
1H NMR (600 MHz, DMSO-d6) δ (ppm):8.67 (s, br, 2H, C6H3(OH)2-), 7.18 (m, 1H, br, -NH-
C(=O)-), 6.62-6.55 (d, 2H, C6HH2(OH)2-), 6.40 (s, 1H, C6HH2(OH)2-), 3.82 (s, 1H, -CH(CH3)2), 
3.12 (s, br, 2H, -CH2-NH-C(=O)-), 2.59 (s, br, 2H, -CH2-C6H3(OH)2), 1.93 (m, br, 1H, -
CH(C=O)-CH2-), 1.44 (m, br, 2H, -CH(C=O)-CH2- and m, br, 2H, -C(C=O)(CH3)-CH2-, 
backbone of NIPAM and DMA), 1.04 (s, 6H, (CH3)2CH- and s, 3H, -C(C=O)(CH3)-CH2-). 
13C NMR (600 MHz, DMSO-d6) δ (ppm): 173.35 (1C, -NH-C(=O)-), 144.98-115.50 (6C, 
C6H3(OH)2-CH2-CH2-NH-C(=O)-), 45.29 (1C, -C(CH3)(C=O)-CH2-), 41.67-39.0 (1C, 
C6H3(OH)2-CH2-CH2-NH-C(=O)-; 1C, -CH(CH3)2 and 1C, -CH2-CH(C=O)-), 39.0-34.58 (1C, 
C6H3(OH)2-CH2-CH2-NH-C(=O)-; 1C, -CH2-CH(C=O)- and -C(CH3)(C=O)-CH2-), 22.19 (1C, -
C(C=O)(CH3)-CH2- and 2C, -CH(CH3)2). Italics indicate the atom generating the peak. 
2.3.2 Results and Discussion 
2.3.2.1 Syntheses of Homopolymers 
Our successful syntheses of homopolymers with well-defined structure here confirmed the 




followed a three-step procedure (scheme 2.1 (b)). First, TBDMS protected homopolymer, 
PSDMA, was synthesized from SDMA at 80 oC using AIBN as the initiator. Then, nitration was 
performed in chloroform in an ice bath to obtain PSNDMA. Finally, deprotection was carried out 
using TBAF to yield PDMA and PNDMA.  
2.3.2.1.1 Synthesis of PSDMA 
  
Figure 2.5 1H NMR spectrum of PSDMA in CDCl3 
Non-polar PSDMA was obtained from the free radical polymerization of the monomer, SDMA, 
in DMF and purified in a Soxhlet extractor using boiling methanol to remove the monomer and 
DMF. The 1H NMR spectrum of PSDMA is shown in Figure 2.5. After polymerization, the two 
vinyl peaks at 5.6 ppm and 5.3 ppm in the 1H NMR spectrum of SDMA (Figure 2.3) disappear. 
A new broad peak at 2.0-1.5 ppm represents the methylene group in the polymer backbone. Due 




to 0.9 ppm overlapping with the tert-butyl group peak of TBDMS. The peak at 0.1 ppm is 
assigned to the methyl group of TBDMS. The integral ratio of (H6+H7+H8)/H5/H4/H3/H2/H1 is 
around 1.00/0.60/0.64/0.47/7.04/4.08, values close to the proton number ratio of 3/2/2/2/21/12, 
indicating successful synthesis of homopolymer, PSDMA.  
2.3.2.1.2 Synthesis of PSNDMA  
  
Figure 2.6 1H NMR spectrum of PSNDMA in CDCl3 
The nitration of PSDMA was carried out using sodium nitrite/TFA in CHCl3 in an ice bath 
monitored using 1H NMR.84 After nitration, the 1H NMR spectrum of PSNDMA shows two 
retained aromatic peaks (Figure 2.6). The peak at 7.5 ppm is assigned to H7 in the benzene ring 




ring in the meta- position to the nitro group. The electron withdrawing nitro group leads to peak 
shift downfield to different extents. The aromatic peaks shift from 6.7 ppm to 7.5 ppm, and from 
6.6 ppm to 6.7 ppm. The methylene group connecting to the benzene ring shifts from 2.6 ppm to 
3.0 ppm. Some small peaks on the right side of the TBDMS peak at 0.09 ppm possibly result 
from partial deprotection in the acidic environment. The integral ratio of 
H7/H6/H5/H4/H3/(H2+H8)/H1 is around 0.98/1.17/2.38/3.26/15.88/9.68, values consistent with 
the proton number ratio of 1/1/2/2/2/21/12, confirming the successful nitration of PSDMA. 
2.3.2.1.3 Synthesis of PNDMA 
 
Figure 2.7 1H NMR spectrum of PNDMA in DMSO-d6 
PNDMA was obtained after the TBDMS protective groups were removed from PSNDMA 
completely using TBAF. TBDMS impurities was removed by precipitating the polymer using 
pentane. Further purification of PNDMA was performed by dissolving using DMSO and 




PNDMA (Figure 2.7), compared with the 1H NMR spectrum of PSNDMA (Figure 2.6), the 
TBDMS signals at 0.95 ppm and 0.18 ppm no longer present. At the same time, the peaks of 
hydroxyl groups emerge at 10.3 ppm and 9.7 ppm. The signal of the methyl group of the 
backbone at 0.8 ppm overlaps with the peak of TBDMS in the 1H NMR spectrum of PSNDMA. 
The integral ratio of peak area of (H7+H8)/H6/H5/H4/H3/H9 is 2.00/1.12/1.98/1.75/2.26/4.43, 
values consistent with the proton ratio of 2/1/2/2/2/3, confirming the structure of PNDMA.  
 
Figure 2.8 2D NOESY NMR spectrum of PNDMA in DMSO-d6 at 40 oC 
2D NOESY NMR spectrum of PNDMA (Figure 2.8) shows the cross peaks between the methyl 
group in the backbone with most of the protons except hydroxyl protons, suggesting that the 
NDMA fractions fold back to the main chain. The cross peaks between two aromatic protons at 




2.3.2.1.4 Synthesis of PDMA 
 
Figure 2.9 1H NMR spectrum of PDMA in DMSO-d6 
PDMA was obtained after removal of TBDMS groups of PSDMA using TBAF. In the 1H NMR 
spectrum of PDMA (Figure 2.9), TBDMS signals vanish and the peak belonging to the hydroxyl 
groups at 8.7 ppm appear. The amide signal shifts downfield from 6.0 ppm to 7.3 ppm after 
deprotection due to the hydrogen bonding of the amide group with the OH group. The peak 
belonging to the methyl group of the backbone appears at 0.8 ppm overlapping with the TBDMS 
peak in the spectrum of PSDMA (Figure 2.5). The integral ratio of 
(H1+H2)/H3/(H7+H8+H6)/H9/H5/H10 is around 1.00/0.74/1.66/0.42/0.89/1.68, values 




2.3.2.2 Syntheses of Copolymers 
The nitro copolymers were synthesized based on the protocols for syntheses of homopolymers 
(Scheme 2.1 (c)). The catecholic copolymer and the nitro copolymer, P(DMA-co-NIPAM) and 
P(NDMA-co-NIPAM) were prepared from the same parent polymer, P(SDMA-co-NIPAM), 
with only the nitro functionality difference. 
2.3.2.2.1 Synthesis of P(SDMA-co-NIPAM) 
P(SDMA-co-NIPAM) was synthesized via free radical polymerization of N-isopropylacrylamide 
(NIPAM) and SDMA with the diol protected by TBDMS groups in DMF. Bulky SDMA tends to 
copolymerize with smaller NIPAM to form random copolymers. After precipitating out 
P(SDMA-co-NIPAM) using water, the copolymer was purified using boiling hexanes in a 
Soxhlet apparatus for 24 h to remove monomers and other small molecules.  
The 1H NMR spectrum of P(SDMA-co-NIPAM) (Figure 2.10) shows the signals of the aromatic 
ring at 6.8-6.5 ppm belonging to SDMA units. The peak of the methylene group bonding to 
aromatic ring appears at 2.6 ppm and the peak of the methylene group connecting to the NH 
appears at 3.3 ppm. The signals at 0.96 ppm and 0.17 ppm are from the TBDMS group. The 
signal of the methylene group of SDMA units in the backbone occurs at around 1.5-2.0 ppm, 
overlapping with the backbone signals of NIPAM units. The integral ratio of 
(H6+H7+H8)/H5/H4/H2/H1 is 0.39/0.22/0.25/1.42/2.40, values close to the proton ratio of 
3/2/2/12/18, consistent with the structure of SDMA counit. For the NIPAM unit, the peak at 3.9 
ppm is attributed to the methine signal of the isopropyl group. The methyl group signal of the 




show up at 1.2-1.5 ppm and 1.9-2.2 ppm, respectively. The integral ratio of H10/H11/H3/H9 is 
1.02/1.05/1.89/7.06 in agreement with the NIPAM proton ratio 1/1/2/6.  
 
Figure 2.10 1H NMR spectrum of P(SDMA-co-NIPAM) in CDCl3 
2.3.2.2.2 Synthesis of P(NDMA-co-NIPAM) 
Nitration is the essential step in nitro polymer synthesis. P(SDMA-co-NIPAM) was nitrated 
using fresh acetyl nitrate in chloroform.85 The TBDMS protected hydroxyl groups are capable of 
surviving the mild nitration condition86 without quinone formation and crosslinking, with 
minimum deprotection. Once the nitration was completed, an anti-oxidant, ascorbic acid, was 
added to consume the excessive nitration agent before reprecipitating the polymer from hexane. 




NIPAM) was precipitated out and washed repeatedly using hexane in a Soxhlet apparatus to 
remove TBDMS. The isolated product was further purified by dissolving in methanol and 
precipitating using HCl (pH=2) six times to wash away ascorbic acid, TBAF and other water 
soluble impurities. 
 
Figure 2.11 1H NMR spectrum of P(NDMA-co-NIPAM) in DMSO-d6 (Inset: 1H-13C HMBC) 
 
In the 1H NMR spectrum of P(NDMA-co-NIPAM) (Figure 2.11), only two aromatic peaks at 7.5 
ppm and 6.7 ppm remain indicating a complete nitration of P(SDMA-co-NIPAM). The complete 
deprotection is confirmed by the disappearance of TBDMS signals at 0.96 ppm (tert-butyl group) 
and 0.17 ppm (methyl group) of P(SDMA-co-NIPAM). At the same time, two peaks of hydroxyl 
groups emerge at 9.8 ppm (in the meta- position to the nitro group) and 10.4 ppm (in the para- 
position to the nitro group). Additionally, the signal of the methylene group linking to benzene 




withdrawing nitro group. The peak of the methylene group linking to the NH group (3.2 ppm) 
overlaps with the water peak. The peaks of NIPAM fractions of P(NDMA-co-NIPAM) are 
consistent with P(SDMA-co-NIPAM), suggesting intact NIPAM counits after nitration and 
deprotection. 
 
Figure 2.12 13C NMR spectrum of P(NDMA-co-NIPAM) in DMSO-d6 
The 13C NMR spectrum of P(NDMA-co-NIPAM) (Figure 2.12) shows six carbon signals of the 
aromatic ring in the NDMA counit between 151.7 ppm and 112.6 ppm. The peak at 173.8 ppm is 
assigned to the amide group. The carbon signals of the ethylene group appear at 33.2 ppm (C6H2-
CH2-CH2-NH-) and 40.1 ppm (C6H2-CH2-CH2-NH-). The carbon signal of the methylene group 




ppm (methyl groups) and 42.0 ppm (methine group). The PNIPAM backbone signals of 
methylene and methine groups are at 34 ppm and 40.0 ppm.83  
 
Figure 2.13 1H-13C HSQC spectrum of P(NDMA-co-NIPAM) 
 




Peak assignment of P(NDMA-co-NIPAM) in the 1H NMR and 13C NMR was confirmed with 
1H-13C heteronuclear single-quantum correlation spectroscopy (HSQC) (Figure 2.13) and 1H-13C 
heteronuclear multiple-bond correlation spectroscopy (HMBC) (Figure 2.14). Two cross peaks at 
(7.5 ppm, 112.6 ppm) and (6.7 ppm, 118.7 ppm) in the HSQC spectrum are assigned to the 
aromatic methine groups in the ortho-, meta-positions to the nitro group, respectively. Two 
hydroxyl peaks appear at 10.4 ppm (in the para- position to the nitro group) and 9.8 ppm (in the 
meta- position to the nitro group), which was confirmed using 1H-13C HMBC. The HMBC 
spectrum shows that the signal of the proton at 10.4 ppm is related to the carbon signals of the 
aromatic ring at 144.4 ppm and 118.7 ppm. The signal of the proton at 9.8 ppm interacts with the 
signals of the aromatic ring at 151.7 ppm, 144.4 ppm and 112.6 ppm.  
 




In the 2D NOESY spectrum of P(NDMA-co-NIPAM) (Figure 2.15), the peak at 1.0 ppm 
assigned to methyl groups in NIPAM moieties, has NOE cross-peaks with most protons of 
NDMA moieties, including the aromatic peak at 7.5 ppm and 6.7 ppm, suggesting that the 
distance between the aromatic protons in NDMA moieties and the methyl groups in NIPAM 
moieties is less than 5Å. In contrast to the 2D NOESY of PNDMA (Figure 2.8), the absence of 
aromatic cross peaks in the 2D NOESY of P(NDMA-co-NIPAM) excludes vicinal NDMA in 
P(NDMA-co-NIPAM) copolymers.  
2.3.2.2.3 Synthesis of P(DMA-co-NIPAM) 
The 1H NMR and 13C NMR spectra of P(DMA-co-NIPAM) (Figure 2.16 and Figure 2.17) 
obtained by deprotection from P(SDMA-co-NIPAM) here are in agreement with the spectra in 
references,64-65, 83 confirming the successful synthesis of P(DMA-co-NIPAM). 
 
 





Figure 2.17 13C NMR spectrum of P(DMA-co-NIPAM) in DMSO-d6 
2.3.2.2.4 Composition and Molecular Weight of Copolymers  
The copolymers were prepared with two feed mole percent of SDMA (5 % and 10 %, denoted as 
polymer-x%), (Table 2.1). The mole ratios of comonomer units in the copolymers are close to 
the feed mole ratios from the NMR peak intensities of catechol groups (6.4 ppm), nitrocatechol 
groups (10.4 ppm and 9.8 ppm) and amide groups (7.2 ppm).  
The number average molecular weight (Mn̅̅ ̅̅ ̅̅ ) and the polydispersity indices (PDI) of the polymers 
(Table 2.1) were estimated by gel permeation chromatography (GPC) in THF using linear 
polystyrene as standard. The GPC sample concentration is about 1-2 mg/mL in THF stabilized 
by butylated hydroxytoluene (BHT). As shown by the GPC graph (Figure 2.18), the peaks of 
polymer-5% are at about 8.0-8.2 min with similar shape. The  Mn̅̅ ̅̅ ̅ of copolymers is about 14.5 
KDa-17.0 KDa. The peak of BHT at 11.4 min and other small molecule peaks closely follow the 
polymer peaks. The negative air peaks appear after 12 min, not shown here. P(SDMA-co-




BHT and other solvents. The tail of this broad peak results from the small molecules including 
oligomers, DMF and hexanes, which cannot be removed completely in purification of P(SDMA-
co-NIPAM)-5% in a Soxhlet apparatus using hot hexanes. After deprotection, the obtained 
P(DMA-co-NIPAM)-5% and P(NDMA-co-NIPAM)-5% have narrower peaks in the range of 
about 7-10 min, resulting from the loss of some small molecules during polymer precipitation 
using hydrochloric acid. In the meantime, the PDI decreases to 1.4-1.5 from 1.7. Similar PDI and 
 Mn̅̅ ̅̅ ̅  indicate that the same purification protocol resulting in similar catecholic and nitro 
copolymers. 
The Mn̅̅ ̅̅ ̅̅  (15.5 KDa) of P(DMA-co-NIPAM)-5% is much higher than the reported Mn̅̅ ̅̅ ̅̅  (2.1 KDa) 
of P(DMA-co-NIPAM)-5% obtained under similar conditions without protection of hydroxyl 
groups in polymerization.64 Our much higher molecular weight by a factor of seven was in 
agreement with the findings of lowering chain transfer and inhibition during polymerization. 
 
 
Table 2.1 Compositions, Mn, PDI and degree of polymerization (DP) of the copolymers 
 mole % of DMA or 





P(SDMA-co-NIPAM)-5% 5 % 14.5 1.7  
P(DMA-co-NIPAM)-5% 5 % 15.5 1.4 131 
P(NDMA-co-NIPAM)-5% 4 % 17.0 1.5 142 
P(SDMA-co-NIPAM)-10% 10 % 14.7 1.8  
P(DMA-co-NIPAM)-10% 10 % 16.5 1.4 133 
P(NDMA-co-NIPAM)-10% 9 % 15.5 1.9 123 








Figure 2.18 GPC traces of polymer-5%  
2.3.3 Summary 
We have successfully demonstrated a strategy to prepare nitro homopolymers and random 
copolymers via radical polymerization of vinyl monomers with protected catechol moieties 
followed by nitration, thus circumventing the adverse side reactions, including chain transfer, 
inhibition and crosslink. The structures of the catecholic and nitro polymers from the same 
parent polymers were confirmed using NMR. Therefore, binding enhancement factors resulting 
from the nitro group can be stringently explored toward iron oxide NPs and boronic acids using 
the copolymer pair. 
 
2.4 Determination of the Enhancement Factors, EnF, of the Binding Ability to Fe3O4 NPs 
(~15 nm) for Nitro Polymers 
The enhanced binding affinity of nitro copolymers to Fe3O4 NPs was quantitatively investigated via 
competitive binding by the nitro copolymer and its parent catecholic copolymer. Nitrocatecholic 




temperatures without detachment just due to the nitrocatecholic chain end.14 However, the 
magnitude of the binding ability difference to magnetite NPs between nitro and non-nitro 
copolymers is still elusive due to the absence of a reliable measurement of corresponding binding 
constants. To rigorously determine the enhancement factors (EnF), an approach of competitive 
binding toward Fe3O4 NPs was developed using the catecholic polymers and their nitrated 
polymers with only nitro group difference. EnF were obtained based on the polymer distribution 
in the reaction solution (free polymers) and on the surface of Fe3O4 NPs (bound polymers). 
2.4.1 Experimental 
2.4.1.1 Materials 
Ferrous chloride hexahydrate (99.5%, Fisher), sodium sulfite (98%, Sigma-Aldrich), and 
phosphotungstic acid (PTA, reagent grade, Sigma-Aldrich) were used as received. P(DMA-co-
NIPAM) and P(NDMA-co-NIPAM) from the same parental polymers containing 5% or 10% of 
(nitro)catechol moieties were prepared as described in 2.3. 
2.4.1.2 Instrumentation 
FT-IR spectra were collected using a Bruker Vertex 70V FT-IR spectrometer equipped with a 
liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector or a deuterated triglycine 
sulphate (DTGS) detector at room temperature. The instrument was mounted with an attenuated 
total reflectance (ATR) accessary (Pike technologies, 20175) operating at 1 cm-1 resolution for 
128-256 scans. All NMR spectra were conducted in deuterated dimethyl sulfoxide (DMSO-d6) 
with an Agilent VNMRS (600 MHz) using a HCN cryoprobe. The data were processed using 
SpinWorks or standard VNMRJ. 1H NMR spectra were collected using a single pulse sequence 




scans. Transmission electron microscopy (TEM) images were taken on a FEI Tecnai Spirit 
microscope operated at an accelerating voltage of 120 kV. Before the imaging, the samples were 
sonicated in methanol and then were drop-casted on carbon-coated copper grids, and the solvent 
was allowed to evaporate in ambient atmosphere. For stained samples, one drop of 0.5 % 
aqueous PTA was deposited on the copper grid with dried Fe3O4 NPs. Wide-angle X-ray 
scattering (WAXS) pattern measurement was performed on a Bruker Nanostar U instrument 
equipped with a rotating anode Cu Kα X-ray source (operated at 50kV and 24mA) and with a 2-
dimensional detector Vantec 2000. Thermal gravimetric analysis (TGA) was carried out using a 
TA Instruments Q500 from 30 oC-800 oC with a heating rate at 5 oC/min in purging air. 
2.4.1.3 Determination of the Enhancement Factors, EnF 
2.4.1.3.1 Preparation of Fe3O4 NPs (15 nm) 
In a typical Fe3O4 preparation procedure,
51, 87 3.25 g of FeCl3
.6H2O was dissolved in 100 mL of 
water with N2 bubbling. Subsequently, 0.25 g of Na2SO3 in 5 mL of water was added into the 
FeCl3 solution. After N2 bubbled for 30 min, the temperature was raised to 70 
oC. And then 20 
mL of concentrated ammonia was diluted into 40 mL of water and injected to the reaction 
solution. The mixture was stirred for another 30 min at 70 oC. Fe3O4 particles were collected 
using a magnet and washed with water and methanol. The particles were kept in N2-flushed 
methanol for future use. 
2.4.1.3.2 Competitive Binding to Fe3O4 NPs between Catecholic Polymers and Nitro 
Polymers 
P(DMA-co-NIPAM) and P(NDMA-co-NIPAM) from the same parent polymer in targeted ratios 




The N2-protected Fe3O4/methanol suspension (5 mL, 3 mg/mL) was sonicated for 30 min and 
injected into the polymer mixture under sonication. The mixture was sonicated for additional 30 
min and the reaction was monitored using 1H NMR. Subsequently, the polymer-Fe3O4 NPs were 
separated using a permanent magnet and washed under sonication using N2-flushed methanol (3 
× 10 mL). The polymer-Fe3O4 NPs were dispersed in 1 mL of methanol and flushed with N2 in a 
dry ice bath for 15 min. Then 2 mL of N2-flushed concentrated HCl acid/ascorbic acid (2 g of 
ascorbic acid) mixture was added dropwise into the polymer-Fe3O4 suspension. Once Fe3O4 NPs 
were dissolved in an ice-water bath, 8 mL of water (N2-flushed) was added to precipitate out the 
polymer immediately. The polymer was collected by centrifugation and purified by dissolving in 
methanol and reprecipitating with hydrochloric acid (pH=2) three times, followed by rinsing 
with hydrochloric acid (pH=2), water and diethyl ether. The obtained polymer was dried in a 
vacuum at room temperature overnight before 1H NMR measurement. 
2.4.2 Results and Discussion 
2.4.2.1 Characterization of Fe3O4 NPs (15 nm)  
Fe3O4 NPs were prepared by classical coprecipitation and no organic stabilizer was added during 
Fe3O4 preparation to avoid interfering the 
1H NMR measurement in the binding affinity 
comparison.51, 87 The morphology of Fe3O4 NPs was characterized using TEM (Figure 2.19). The 
size of the NPs is found to be about 15 nm in diameter on average with irregular shape. The size 
measurement is based on 100 randomly selected nanoparticles using Nano Measurer 1.2 software 
(Department of Chemistry, Fudan University, Shanghai, China). The wide angle X-ray scattering 
(WAXS) pattern displays two peaks, which correspond to (2 2 0), (3 1 1) of a spinel structure of 




(Figure 2.20). The Debye-Sherrer equation is given as D=0.9λ/βcosθ. D is the average size of 
NPs; 0.9 is the shape factor; λ is the wavelength of X-ray; β is the line broadening at half of the 
maximum intensity (radians), and θ is the Bragg angle. For (3 1 1) peak, β=0.01221, θ=17.855 
(degree), λ=0.154 nm. The average size of NPs is about 12 nm. This result is consistent with the 
value obtained from the TEM image. 
 
Figure 2.19 TEM image of Fe3O4 NPs (~15 nm) 
 
Figure 2.20 WAXS pattern of Fe3O4 NPs 
The N2 adsorption-desorption isotherms of Fe3O4 NPs are shown in Figure 2.21. The type IV 




the type II adsorption isotherm of a typical nonporous solid.88 A H3 hysteresis ring with an 
obvious capillary condensation between 0.8-1.0 P/P0 also indicates the existence of non-uniform 
distribution of nanopores.89 The first steep increase at around 0.9 P/P0 might be due to the filling 
of nanopores. The other sharp increase might be caused by the filling of macro-pores. The 
corresponding Barrett-Joyner-Halenda (BJH) pore distribution curve (inset) displays strong noise 
under 20 nm, confirming the non-uniformity of nanopores in this range. However, the curve is 
smooth when the pore diameter is larger than 20 nm. The Brunauer-Emmett-Teller (BET) 
surface area is 83 m2/g. The average BJH pore diameter is around 13 nm and the BJH pore 
volume is 0.373 cm3/g. 
 
Figure 2.21 N2 adsorption and desorption isotherms of Fe3O4 NPs 
2.4.2.2 Copolymers Competitive Binding to Fe3O4 NPs 
Because Fe3O4 NPs are attracted tightly to a magnetic stirring bar, the competitive binding of the 
catecholic copolymer and the nitro copolymer to the surface of Fe3O4 NPs was performed under 




ratio were dissolved in 5 mL of methanol, 5 mL of Fe3O4/methanol suspension (~3 mg/mL) was 
injected into the polymer solution under sonication. The surface functionalization of Fe3O4 NPs 
was performed in an ice-water bath under N2 atmosphere, and the polymer ratio in the reaction 
solution was monitored using 1H NMR. When an equilibrium was established as indicated by a 
constant polymer ratio in the supernatant, the polymer-Fe3O4 NPs were separated from the 
reaction mixture using a magnet. The polymer mixture on the surface of Fe3O4 NPs was 
separated by dissolving the Fe3O4 NPs using concentrated HCl. To avoid the oxidation of 
P(DMA-co-NIPAM) resulting from ferric cations, ascorbic acid was added as the anti-oxidant 
during the dissolution of Fe3O4 NPs. Without ascorbic acid, P(DMA-co-NIPAM) could be 
oxidized by Fe3+ and crosslinked due to its tendency to be oxidized.14 Subsequently, the polymer 
mixture was purified by dissolving it in methanol and precipitating it using diluted HCl to fully 
remove iron cations, ascorbic acid and other impurities. After drying in a vacuum, the polymer 
ratio in the polymer mixture was determined using 1H NMR. The competitive binding reaction 
between P(DMA-co-NIPAM) and P(NDMA-co-NIPAM) derived from the same parent 
P(SDMA-co-NIPAM) on the same Fe3O4 NPs under the same conditions, leads to rigorous 
determination of the enhancement factor (EnF). 
2.4.2.3 Confirmation of Covalent Binding Using FT-IR  
The coating of copolymers on Fe3O4 NPs was examined using FT-IR to establish the modes of 
polymer-nanoparticle interactions. The binding test of PNIPAM homopolymer on the surface of 
Fe3O4 was studied first to investigate the potential influence of NIPAM moieties on the coating 
Fe3O4 NPs using copolymers (Figure 2.22). 
The FT-IR peaks of PNIPAM were assigned according to the literature. The non-hydrogen 




amide II shows up at 1526 cm-1, indicating a non-hydrogen bond.90 The peak at 1457 cm-1 is 
ascribed to the symmetric deformation vibration of -C(CH3)2. The antisymmetric deformation 
vibrations of -C(CH3)2 appear at 1385 cm
-1 and 1365 cm-1, while the skeletal vibrations of -
C(CH3)2 are at 1171 cm
-1 and 1130 cm-1.91 
For Fe3O4 NPs, the characteristic peak of Fe-O bond vibration shows up at around 580 cm
-1 
which does not interfere with the analysis of PNIPAM. The weak broad peak centered at around 
1640 cm-1  is due to the bending vibration of the O-H bond of the hydroxyl group and the N-H 
bond of ammonium residues.92-93 
After sonication in an ice-water bath for 30 minutes in the presence of PNIPAM and rinsed 
thoroughly using methanol under sonication, the IR spectrum of Fe3O4 NPs shows no evidence 
of PNIPAM on Fe3O4 NPs. The bare surface of Fe3O4 NPs indicates that PNIPAM cannot bind 
to the surface of Fe3O4 NPs by itself, allowing rigorous comparison of the binding affinity from 
P(DMA-co-NIPAM) and P(NDMA-co-NIPAM). 
Compared with the IR spectrum of PNIPAM, the IR spectra of P(DMA-co-NIPAM)-10% and 
P(NDMA-co-NIPAM)-10% show strong C-O vibration peaks at 1280 cm-1 and 1286 cm-1 
respectively (Figure 2.23 and Figure 2.24).15 For the polymer-NPs, C-O-Fe vibration bands of 
P(DMA-co-NIPAM) and P(NDMA-co-NIPAM) show the expected bathochromic shift after 
polymer-Fe3O4 NPs formation. The C-O stretching vibrations shift from 1280 cm
-1 to 1256 cm-1 
for P(DMA-co-NIPAM) and from 1286 cm-1 to 1275 cm-1 for P(NDMA-co-NIPAM) (Figure 
2.23-2.25).15  For P(NDMA-co-NIPAM), the symmetric NO2 vibration shifts to 1325 cm
-1 from 
1331 cm-1 after binding to Fe3O4 NPs (Figure 2.24 and Figure 2.25). However, the asymmetric 





Additionally, the IR spectra of the two polymer-NPs systems display characteristic peaks of 
PNIPAM segments unbonded to NPs directly. 
 
Figure 2.22 FT-IR spectra of PNIPAM, Fe3O4 NPs and Fe3O4 NPs recovered from the binding 
test in PNIPAM solution 
 
 










Figure 2.25 FT-IR spectra of P(NDMA-co-NIPAM)-10%/P(DMA-co-NIPAM)-10% (1/30), 





2.4.2.4 TGA Analysis 
TGA was used to measure the polymer weight fraction and the grafting density of polymer on 
the surface of NPs as shown in Figure 2.26. For the P(DMA-co-NIPAM) and P(NDMA-co-
NIPAM), the weight loss below 200 oC is ascribed to the evaporation of solvents. The weight 
losses between 200 oC-430 oC and 430 oC-650 oC correspond to the decomposition of PNIPAM 
moieties94 and diol segments, respectively. For polymer-Fe3O4 NPs, the decomposition of 
polymers on the surface of the Fe3O4 NPs occurs between 200 
oC-450 oC. Compared with the 
pure polymers, the lower ending decomposition temperature is possibly due to the lower level of 
the hydrogen bonding between hydroxyl groups of diols and amide groups.95-96 All of the 
polymer-Fe3O4 NPs have similar weight percent of polymers (about 10 %) on the surface of 
Fe3O4 NPs. Extension of reaction time to 24 h did not increase the amount of polymer on the 
surface of NPs, demonstrating that the surface of NPs has been saturated with polymers in the 30 
minute sonication. 
In combination with BET surface area of NPs (A=83 m2/g), the weight loss (∅𝑝 is about 10 %) of 
polymer can be converted to polymer density on NPs (equation 2.1),97 where NA is the 
Avogadro’s number (6.02× 1023) and Mn̅̅ ̅̅ ̅ is about 15000. The grafted polymer density is about 











Figure 2.26 TGA thermalgrams of Fe3O4 NPs, P(DMA-co-NIPAM)-5%, P(NDMA-co-
NIPAM)-5%, P(DMA-co-NIPAM)-5%-Fe3O4 and P(NDMA-co-NIPAM)-5%-Fe3O4 
2.4.2.5 TEM Analysis 
 
Figure 2.27 TEM images of polymer-5%-Fe3O4 (a) before and (b) after staining 
The TEM image of polymer-Fe3O4 NPs does not show the grafted polymer due to the low 
electron density of the polymer region before staining (Figure 2.27 (a)).98 Instead, clusters of 
Fe3O4 NPs linked by polymer chains were formed. No obvious etching of Fe3O4 NPs by catechol 
or nitrocatechol units is observed. The size of clusters ranges from about 200 nm to 1 µm. The 
TEM image stained by a positive staining agent, phosphotungstic acid (PTA),99 (Figure 2.27 (b)) 
shows similar size of clusters but with polymer coating clearly visible, implying Fe3O4 NPs are 




2.4.2.6 Determination of the Enhancement Factor Using 1H NMR 
The binding affinity can be evaluated by the bound/free polymer ratio. The determination of the 
Enhancement Factor, EnF, equation (2.2), for the competitive binding of catecholic copolymer 
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Quantitative data were from 1H NMR peak intensities. The well-resolved hydoxyl proton signals 
from P(NDMA-co-NIPAM) (10.4 ppm and 9.8 ppm) and the aromatic signal (6.4 ppm) from 
P(DMA-co-NIPAM) were selected to calculate the ratios of polymers without the interference of 
overlapping with other peaks (Figure 2.28).  
 




Table 2.2 Monitoring of polymer ratios in the supernatant of the competitive binding reaction 
suspensions during sonication using 1H NMRa 
Sonication 
time 
NDMA: DMA (The mole ratio between P(NDMA-co-NIPAM) and P(DMA-co-
NIPAM)) 




0.122 0.213 0.556 0.109 0.189 
5 min 0.094±0.022 0.206±0.012 0.463±0.033 0.117±0.003 0.189±0.017 
10 min 0.076±0.003 0.199±0.012 0.431±0.040 0.077±0.033 0.189±0.021 
20 min 0.077±0.015 0.193±0.029 0.380±0.017 0.078±0.001 0.177±0.040 
30 min 0.067±0.016 0.185±0.014 0.377±0.036 0.073±0.002 0.155±0.045 




For all of the entries in Table 2.2, the polymer ratios in the supernatant monitored using 1H NMR 
did not show further observable changes after sonication for 10 minutes indicating the 
establishment of reaction equilibrium. The mole ratios between catecholic copolymer and nitro 
copolymer in the reaction solutions and on the surface of Fe3O4 NPs at equilibrium obtained 
from 1H NMR are shown in Table 2.3. 
Three (polymer-5%) and two (polymer-10%) starting ratios of polymer compositions were used 
to determine the EnF (Table 2.3). For 5% copolymer, enhancement factor values higher than 40 
were obtained from triplicate experiments, a remarkable enhancement upon introduction of just 5% 
the nitro group. For 10% copolymer, similar levels of EnF were obtained, indicating that less 
than 5% nitro counits are already capable of securely anchoring the copolymer chain to the 
surface of Fe3O4 NPs. This observation is consistent with the reported high temperaure stability 






















5% 0.122 0.067±0.016 2.8±1.5 41.0±1.1 
5%  0.213 0.185±0.014 8.0±0.8 43.1±0.3 
5%  0.556 0.377±0.036 15.4±3.9 40.5±7.7 
10% 0.109 0.073±0.002 3.1±0.5 43.1±7.2 
10%  0.189 0.155±0.045 6.6±2.6 41.7±6.7 
a All errors are standard deviations from triplicate experiments. b The mole ratio 
of the two copolymers in methanol supernatant at reaction equilibrium. c The mole 
ratio of the two copolymers on Fe3O4 NPs at reaction equilibrium. 
d The EnF of 
P(NDMA-co-NIPAM) over P(DMA-co-NIPAM) obtained, equation (2.2). 
 
In a different approach, the EnF was estimated from the initial weight of each polymer, the total 
weight loss from TGA and the polymer ratio on the surface of Fe3O4 NPs from 
1H NMR. 
Starting with 50 mg of polymer mixtures with different ratios, TGA gives the total weight of 
polymer mixture on Fe3O4 NPs after reaction equilibrium was established. In combination with 
the percentage of each polymer measured using 1H NMR on the surface of Fe3O4 NPs, the 
weights of P(DMA-co-NIPAM) and P(NDMA-co-NIPAM) on the surface of Fe3O4 NPs 
were obtained. The weights of free P(DMA-co-NIPAM) and P(NDMA-co-NIPAM) in 
reaction solution at reaction equilibrium were calculated, by subtracting the weight of P(DMA-
co-NIPAM) or P(NDMA-co-NIPAM) on the surface of Fe3O4 NPs at reaction equilibrium 
from the starting weight of each polymer. The mole ratios of free polymers in reaction solution 
can be calculated based on the weight of free P(DMA-co-NIPAM) and P(NDMA-co-
NIPAM) at reaction equilibrium. This approach gives similar values of EnF (Table 2.4), 







Table 2.4 EnF calculated based on the initial weight of each polymer, the total weight loss from TGA and the polymer ratio on the 
surface of Fe3O4 NPs from 
1H NMRa, b 
 
 Initial Feed of Copolymers At reaction equilibrium 
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5% 0.122 44.5 5.4 8.3±0.5 1.4 2.8±1.5 1.0 0.4 44.1 4.4 0.10 28 
5% 0.213 41.2 8.7 11±1.1 1.9 8.0±0.8 1.7 0.2 41.0 7.0 0.17 47 
5% 0.556 32.1 17.8 9.8±0.5 1.6 15.4±3.9 1.5 0.1 32.0 16.3 0.51 30 
10% 0.109 45.0 4.9 10.9±1.8 1.8 3.1±0.5 1.4 0.4 44.6 3.5 0.08 39 
10% 0.189 42.0 7.9 10.6±2.3 1.8 6.6±2.6 1.6 0.2 41.8 6.3 0.15 44 
a All data are average results from triplicate experiments. All error bars are standard deviations. b P(DMA-co-NIPMA) and P(NDMA-co-NIPAM) are assumed to have the same Mn.  









The enhancement of the binding affinity toward Fe3O4 NPs (~15 nm) due to the nitro group was 
assessed by determining the EnF through competitive binding between two copolymers, 
P(DMA-co-NIPAM) and P(NDMA-co-NIPAM), originating from the same parent copolymer 
with only the nitro group difference. The EnF were calculated based on the free/bound polymer 
distributions. The mole ratios of free polymers in the supernatant, and the mole ratios of bound 
polymers on the Fe3O4 NPs after dissolution of Fe3O4 NPs with concentrated HCl, were 
determined using 1H NMR. The obtained EnF show that upon the introduction of the nitro group 
to the copolymers, a significant enhancement of binding affinity was exhibited, by a factor of 
~40 toward Fe3O4 NPs, This finding can serve to further the development of ultra-stable dual 
thermo-, magneto-responsive polymer-iron oxide materials. 
 
2.5 Dual Thermo- and Magneto-Responsive Nitro Ferrogels with Enhanced Stability 
Based on the finding of the remarkable enhancement of binding ability of the nitro copolymer to 
Fe3O4 NPs, further exploration of the unique properties of ultra-stable dual thermo- and 
magneto-responsive P(NDMA-co-NIPAM)-Fe3O4 materials was conducted on the subject of 
ferrogels. The dual responsive ferrogels were prepared from the suspensions of Fe3O4 NPs 
coated by the catecholic and the nitro copolymers. Comparison of the suspension stability of 
copolymer-Fe3O4 NPs, as well as the stability of the corresponding ferrogels will be presented. 
 
 




Iron(II) acetate (95%, Sigma-Aldrich), Fe(NH4)2(SO4)2 (certified ACS, Fisher Scientific), 
anhydrous citric acid (enzyme grade, Fisher Scientific) and mercaptoacetic acid (98%, 
AVOCADO) were used as received. The preparation of catecholic copolymer, P(DMA-co-
NIPAM), and the nitro copolymer, P(NDMA-co-NIPAM), for binding ability comparison from 
the same parental polymers containing 5% or 10% of catechol moieties is described in Section 
2.3. 
2.5.1.2 Instrumentation  
UV-Vis absorption studies were carried out on a PerkinElmer Lambda 650 spectrometer in a UV 
cell with a length of 10 mm. TGA was performed under purging air in the range from room 
temperature to 800 oC using a TA Instruments Q500 with a heating rate at 5 oC/min. Differential 
scanning calorimetry (DSC) was performed using a DSC Q100 from TA Instruments with a scan 
rate of 5 °C/min in an open pan. One drop of water was absorbed by samples before the DSC test. 
TEM images were taken on a FEI Tecnai Spirit microscope operated at an accelerating voltage 
of 120 kV. Before the imaging, the samples were sonicated in ethanol and then drop-casted on 
carbon-coated copper grids, and the solvent was allowed to evaporate under ambient atmosphere. 
Small-angle X-ray scattering (SAXS) investigation was performed on Fe3O4 NPs/DMF 
suspensions using a Bruker Nanostar U instrument equipped with a rotating anode Cu Kα X-ray 
source (operated at 50kV and 24mA) and with a 2-dimensional detector Vantec 2000. The Fe3O4 
NPs/DMF suspension was loaded into a glass capillary tube. 
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2.5.1.3 Preparation of Polymer-Fe3O4 Ferrogels and Evaluation of their Stability 
2.5.1.3.1 Microwave Synthesis of Fe3O4 NPs with a Diameter of ~6 nm22 
Iron complex Fe(ac)2, 348 mg ,was dissolved in 10 mL of benzylalcohol and heated for 3 min at 
180 °C in a Discover (CEM) microwave reactor. Particles were washed once with 20 mL of 
ethanol before they were redispersed in fresh ethanol or THF with desired concentration to 
prevent NP aggregation. 
2.5.1.3.2 Comparison of the Suspension Stability of P(DMA-co-NIPAM)-10%-Fe3O4 NPs 
and P(NDMA-co-NIPAM)-10%-Fe3O4 NPs 
2.5.1.3.2.1 Dispersing Fe3O4 NPs in Polymer Solutions  
Forty-five mg of the catecholic copolymer or nitro copolymer, P(DMA-co-NIPAM)-10% or 
P(NDMA-co-NIPAM)-10%, was dissolved in 5 mL of THF/methanol (v/v=3.5/1.5). Ten mL of 
Fe3O4 suspension in THF (4.5 mg/mL) with different amounts of triethylamine was added to the 
polymer solution under sonication. The mixture was sonicated for 30 min and the aggregated 
NPs were separated by decantation after standing on a permanent magnet for 30 minutes. The 
stabilized polymer-Fe3O4 NPs in the supernatant were then recovered by removal of the solvent 
in a vacuum. 
2.5.1.3.2.2 Determination of Iron Content in Polymer Matrices from UV Measurement 101-
102 
The iron content determination is based on the complex formed between ferric cation and 
mercaptoacetic acid. First, 1.0 mM of Fe(NH4)2(SO4)2 water solution, 10 % citric acid aqueous 
solution (w/v) and 10 % mercaptoacetic acid aqueous solution (v/v) were prepared. One mL of 
citric acid solution and 2 mL of mercaptoacetic acid solution were added to 5 mL, 10 mL, 15 
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mL, 20 mL and 25 mL of Fe(NH4)2(SO4)2. An ammonia solution (30 %) was then added 
dropwise to the iron solution till the color became purple. Finally, 1 mL of ammonia solution was 
added in excess and the total volume was diluted to 50 mL. The maximum absorption 
wavelength, λmax, is 534 nm. Molar extinction coefficient, ε=3960 L·mol
-1·cm-1 (Figure 2.29), 
was used to calculate iron content. 
 
Scheme 2.2 Complex formation between ferric cation and mercaptoacetic acid 
 
 
Figure 2.29 The calibration curve for UV-Vis absorbance of  
ferrous ammonium sulfate at 534 nm 
The calcination of 10 mg of the two polymer-Fe3O4 NPs was conducted in a muffle furnace at 
600 oC in an air atmosphere for 2 h. The residue was dissolved in 1 mL of concentrated HCl. 
Subsequently, 1 mL of 10 % citric acid solution and 2 mL of 10 % mercaptoacetic acid were 

















Concentration of Ferrous ammonium sulfate (mM)
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deep purple. Then, additional 1 mL of ammonia solution was added before the solution was 
diluted to 50 mL in a volumetric flask.  
The iron content in polymer-coated NPs, wt. % of Fe3O4, was calculated based on equation (2.3) 
below. A is the UV-Vis absorbance; V, the volume of the solution; MWFe3O4, the molecular 
weight of Fe3O4; L, light path in cm; Wtbefore calcination, the mass of polymer-Fe3O4 before 
calcination; and ε, the molar extinction coefficient. 
Wt. % of Fe3O4 = 
A  V  MWFe3O4 
3 L  ε  Wtbefore calcination 
;      (ε=3960 L·mol-1·cm-1)       (2.3) 
2.5.1.3.3 Comparison of the Stability of Two  Ferrogels 
2.5.1.3.3.1 Preparation of Polymer-Fe3O4 Ferrogels 
To ascertain if oxidation and crosslinking took place, one mL of ethanol solution of 0.1 g of 
P(DMA-co-NIPAM)-5% was separated into four microtubes (0.25 mL each) marked as “Tube 1” 
to “Tube 4”.  
The solvent in “Tube 1” was removed with nitrogen bubbling at room temperature, then 0.25 mL 
of ammonia solution was injected (pH=9-10) under nitrogen protection to dissolve the catecholic 
copolymer. The solution was again bubbled with nitrogen for 30 min to remove oxygen and was 
transferred into a glove box. 
Three mg of Fe3O4 NPs were added to “Tube 2”, followed by 30 min sonication to disperse the 
NPs. After the aggregated NPs were removed with a magnet, the solvent in supernatant was 
evaporated with nitrogen purging. Then, 0.25 mL of ammonia solution (pH=9-10) was injected 
with nitrogen protection to dissolve the polymer-Fe3O4 NPs. The solution was again bubbled 
with nitrogen for 30 minutes and was then transferred to a glove box. 
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The solvent in “Tube 3” was evaporated under ambient atmosphere at room temperature, and 
0.25 mL of ammonia solution (pH=9-10) was injected to dissolve the catecholic copolymer.  
“Tube 4” was charged with 3 mg of Fe3O4 NPs at room temperature followed by 30 min 
sonication to disperse the NPs. After the aggregated Fe3O4 NPs were removed with a magnet, the 
solvent in supernatant was evaporated in a fume hood under ambient atmosphere. Then 0.25 mL 
of ammonia solution (pH=9-10) was injected to dissolve the polymer-NPs in ambient 
atmosphere.  
The gel formation of the nitro copolymer-5%-Fe3O4 NPs was similar to the preparation of the 
catecholic copolymer-5%-Fe3O4 ferrogel in “Tube 4”.  
2.5.1.3.3.2 Ferrogel Stability Test 
Dopamine methacrylamide or 6-nitrodopamine methacrylamide (10 mg) in 1 mL of ethanol was 
injected to 5%-Fe3O4 nitro copolymer or catecholic copolymer ferrogel to test their stability. 
Catecholic copolymer ferrogel collapsed. The nitro copolymer remained intact but dissociated 
after 2 drops of TFA were added.  
2.5.2 Results and Discussion 
2.5.2.1 Characterization of Fe3O4 NPs (~6 nm) Using TEM and SAXS 
The Fe3O4 NPs shown in the TEM image (Figure 2.30) were prepared according to a reported 
method.14 The average diameter of Fe3O4 NPs with irregular shapes was analyzed based on 20 
random selected particles using the software, Nano Measurer 1.2 (Department of Chemistry, 
Fudan University, Shanghai, China), giving a value of 6.6±0.6 nm, similar to the diameter in the 
reference.14 Aggregated Fe3O4 NPs were observed when dispersants were not used. 
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Figure 2.30 TEM image of naked Fe3O4 NPs (6 nm) 
The SAXS pattern of dispersed Fe3O4 NPs in DMF was also performed in the range of scattering 
vector: q=0.01-0.29Å, i.e., 2θ=0.14-4o to probe the size of Fe3O4 NPs (Figure 2.31 (a)). In the 
SAXS pattern, log Intensity, log(I), is plotted against log(q). Due to the higher electron density 
and contrast of Fe3O4 NPs than the solvent, the peak at around -1.1 (log (q)) results from cores of 
Fe3O4 NPs.
103 To analyze the size of Fe3O4 NPs using the software, Bruker NANOFIT, the Fe3O4 
NPs are assumed to be non-interacting monodispersed solid particles with spherical shapes 
(structure factor S=1). The intensity (I(q)) of the SAXS pattern is described using equation 
(2.4).104  
I(q) ∝ ∫ 𝑓(𝑟)𝑉(𝑟)2𝑃(𝑞, 𝑟)𝑑𝑟  (2.4) 
Here, V(r)2 is the volume factor; P(q, r) is the form factor and q is the scattering vector which is 
equal to 4πsinθ/λ. Form factor P(q, r) of the sphere model is given by equation (2.5).104 
𝑃(𝑞, 𝑟) = [
3[sin(𝑞𝑟) − 𝑞𝑟𝑐𝑜𝑠(𝑞𝑟)]
(𝑞𝑟)3
]2  (2.5) 
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Based on equation (2.4) and equation (2.5), good curve fitting using a mono-distribution model 
in the range of q=0.02-0.16Å-1 is demonstrated by the red fitting curve in Figure 2.31 (b). The 




Figure 2.31 SAXS pattern of Fe3O4 NPs. (a) generated using EXCEL, (b) fitting function from 
NANOFIT (red)  
2.5.2.2 Qualitative Comparison of the Binding Ability toward Fe3O4 NPs by the Catecholic 
Copolymer vs the Nitro Copolymer in Gels 
2.5.2.2.1 Comparison of the Suspension Stability of Catecholic Copolymer-10%-Fe3O4 NPs 
and Nitro Copolymer-10%-Fe3O4 NPs  
It has been reported that the catecholic chain end polymer reversibly bonded to the surface of 
Fe3O4 NPs at a high temperature of 90 
oC, leading to aggregation of Fe3O4 NPs, while the 
corresponding nitro chain end polymers gave ultra-stable Fe3O4 NPs under the same conditions.
14 
Here, at room temperature, the binding affinity to Fe3O4 NPs was investigated by exploring the 
suspension stability of catecholic copolymer-10%-Fe3O4 NPs and nitro copolymer-10%-Fe3O4 
NPs, i.e. P(DMA-co-NIPAM)-10%-Fe3O4 NPs and P(NDMA-co-NIPAM)-10%-Fe3O4 NPs.  
a b 
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In the experiments for the comparison of binding affinity, Fe3O4 NPs were kept in THF to lower 
aggregation. To improve the dispersity of Fe3O4 NPs in THF, different amounts of triethylamine 
were applied to enhance the stability of Fe3O4 suspensions. Triethylamine was also able to 
deprotonate the polymers. The complexation between polymers and Fe3O4 NPs occurred in 
THF/methanol under sonication in a N2 atmosphere. The undispersed NPs were separated using a 
permanent magnet. The dispersed polymer-Fe3O4 NPs recovered from the supernatant were dried 
in a vacuum for iron content measurement. 
The weight percent of Fe3O4 NPs in polymer-Fe3O4 NPs was measured with a well-documented 
method for the determination of iron using UV.101-102 The polymer-Fe3O4 was calcined at 600 
oC 
in an air atmosphere to yield Fe2O3. After the Fe2O3 was dissolved in concentrated hydrochloric 
acid, ferric cation was reduced to ferrous cation by mercaptoacetic acid. Ferrous cations formed a 
complex with mercaptoacetic acid in the presence of a masking agent, citric acid. The complex 
has a high extinction coefficient (3960 L·mol-1·cm-1) at 534 nm, allowing a precise measurement 
of iron content using UV photometry (Figure 2.32). 
   
Figure 2.32 UV spectrum of 0.05 mM of Fe(SHCH2COOH)2 in water 
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The dispersity of Fe3O4 NPs (control without polymer) in THF was tested first. The Fe3O4 
NPs/THF suspension without triethylamine became clear in 1-2 min on the top of a magnet. 
When 3 µL of triethylamine was added into 10 mL of Fe3O4 NPs/THF suspension, it took around 
15 min for the suspension to clear on a magnet. When the volume of triethylamine was increased 
to 6.75 µL, the suspension remained turbid after being kept on a magnet for 30 min. Thus, the 
dispersity of Fe3O4 NPs in THF was shown to be enhanced by adding triethylamine.  
Table 2.5 summarizes Fe3O4 NPs by weight % in suspensions of polymer-Fe3O4 NPs in a 
magnetic field. Initially, 2.7 % and 2.3 % of Fe3O4 NPs were detected in the catecholic polymer 
and the nitro polymer without triethylamine, as soon as the undispersed Fe3O4 NPs were removed 
after sonication (entry 1). After the suspensions stood on a magnet for at least 30 minutes, the 
weight percent of Fe3O4 NPs decreased to around 1.2 %-1.4 % (entry 2-6), indicating as high as 
~50% of Fe3O4 NPs leaking from the catecholic copolymer. However, triethylamine increased 
the Fe3O4 NPs to about 1.6 % in the catecholic copolymer in entry 7 of high triethylamine 
addition.  
Table 2.5 Determination of Fe3O4 contents in polymer-Fe3O4
  NP suspensions  
Entry 
Starting 


































1 45 45 13.5/1.5 0 5 min 2.7% 2.3% 
2 45 45 13.5/1.5 0 12 h 1.4% 1.8% 
3 45 45 13.5/1.5 1.5 30 min 1.4% 2.3% 
4 45 45 13.5/1.5 3 30 min 1.2% 2.4% 
5 45 45 13.5/1.5 4.5 30 min 1.1% 2.1% 
6 30 30 10/1 2.5 30 min 1.3% 1.9% 
7 45 45 13.5/1.5 6.75 30 min 1.6% 1.9% 
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Under the same conditions, only ca. 10 % Fe3O4 NPs leaked out from the nitro copolymer matrix 
on the average (entry 2-7). In other words, even in the environment of a very strong magnetic 
field, more than 80% of Fe3O4 NPs were stabilized robustly in the nitro copolymer, while only 50% 
of Fe3O4 NPs were retained in the non-nitro polymer. 
Generally, introducing the nitro group to catecholic copolymer significantly reduced the leakage 
of Fe3O4 NPs in a magnetic field at room temperature, and thus Fe3O4 NPs are better stabilized by 
the nitro copolymer. These results agree with the reported twice more nitro polymer binding to 
the surface of Fe3O4 NPs at high temperatures.
14  
2.5.2.2.2 Comparison of the Chemical Stability of Nitro and Catecholic Copolymer-5%-
Fe3O4 Ferrogels 
Robust catecholic thermo-responsive reversible gels have potential applications in biomedical 
and pharmaceutical fields. However, the gels degrade slowly due to the lower binding affinity. 
Additionally, catechol suffers from the tendency to be oxidized resulting in permanent 
crosslinking.64-65 The use of nitrocatechols can mitigate these difficulties. 
We have shown that introducing nitro groups to catechol functions enhances the binding ability 
toward Fe3O4 NPs. Here, the influence of nitro groups on the stability of ferrogels crosslinked by 
Fe3O4 NPs was investigated. 
The dual thermo- and magneto-responsive ferrogel fabrication started with the dispersion of 
Fe3O4 NPs in a polymer/ethanol solution under sonication. After ethanol in the suspension was 
evaporated under a nitrogen atmosphere, the polymer-Fe3O4 NPs were dissolved in ammonia 
solution to form the ferrogel. Ammonia accelerated the gel formation by deprotonating diols.  
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Table 2.6 Preparation of polymer-Fe3O4 ferrogels 





1 catecholic copolymer-5% Nitrogen 3 day Solution 
2 catecholic copolymer-5%-Fe3O4 Nitrogen 2 day Gel 
3 catecholic copolymer-5% Air 6 h Gel 
4 catecholic copolymer-5%-Fe3O4 Air 6 h Gel 
5 nitro copolymer-5%-Fe3O4 Air 6 h Gel 
 
Gel formation and stability tests under different conditions are summarized in Table 2.6. In a 
nitrogen atmosphere, the P(DMA-co-NIPAM)-5%/ammonia solution remained as a solution for 
more than 3 days, though the color turned from red to black due to the deprotonation of phenol 
groups (entry 1 in Table 2.6 and Figure 2.33 (a)). For entry 2, the TEM image (Figure 2.33(d)) 
shows that the Fe3O4 NPs (0.1 % by mass from TGA) were well dispersed in the catecholic 
polymer solution. Most of the Fe3O4 NPs were mono-dispersed, though some of them clustered 
together, implying that the NPs can be stabilized with catecholic polymer through chelation. The 
catecholic copolymer-Fe3O4 NPs/ammonia solution became sticky slowly and gel formed in 2 
days (Figure 2.33 (b)). Compared to the solution in entry 1, the gelation in entry 2 suggests that 
Fe3O4 NPs served as crosslinkers. To confirm the chelation bonding between Fe3O4 NPs and the 
catecholic copolymer, 10 mg of 6-nitrodopamine methacrylamide (NDMA) in 1 mL of ethanol 
was injected to the ferrogel in entry 2. The ferrogel dissociated (Figure 2.33(c)), demonstrating 
the reversible chelation bonding between catechol units and Fe3O4 NPs. For entries 3 and 4, both 
of them formed gels in 6 h with or without Fe3O4 NPs in an air atmosphere. During the 
dissolution process, the solution became sticky and turned purple, showing crosslinking was 
taking place. Therefore, the gelation of catecholic copolymer-5%-Fe3O4 NPs in an air atmosphere 
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was partly from the free radical reaction of quinone produced from the air oxidation of catechol 
in a basic solution.  
  
  
   
   
Figure 2.33 Catecholic copolymer-5% ferrogel formation and decomposition. (a) Catecholic 
copolymer-5%-Fe3O4/ammonia solution in N2, (b) Catecholic copolymer-5%-Fe3O4 ferrogel 
formation in the ammonia solution in N2, (c) Catecholic copolymer-5%-Fe3O4 ferrogel 
dissociation by adding NDMA in N2, (d) TEM image of catecholic copolymer-5%-Fe3O4 NPs 
The nitro copolymer-5%-Fe3O4 ferrogel containing 0.6% of Fe3O4 NPs (obtained from TGA) 
formed under an air atmosphere (entry 5 in Table 2.6). It was not broken down by excessive 
dopamine methacrylamide (DMA) (Figure 2.34(a)) due to the stronger binding ability of 
nitrocatechol than catechol toward Fe3O4 NPs. However, as soon as two drops of TFA were 
added, the nitro ferrogel decomposed, indicating that the ferrogel was formed only through 
chelation bonds between nitrocatechol units and Fe3O4 NPs (Figure 2.34 (b)) reflecting a stronger 
anti-oxidation ability of nitrocatechol moieties. 
 





Figure 2.34 Nitro copolymer-5%-Fe3O4 ferrogel decomposition. (a) Nitro copolymer-5%-Fe3O4 
ferrogel was not dissociated using DMA, (b) Nitro copolymer-5%-Fe3O4 ferrogel decomposed 
by TFA  
 
In summary, compared with the catecholic copolymer without the nitro group, nitro copolymer-
Fe3O4 ferrogel showed increased stability even in the presence of DMA. In addition, the higher 
redox potential of nitrocatechol moieties led to lower tendency to permanent crosslinking 
through quinone from nitro copolymer-5%-Fe3O4 ferrogel, demonstrating stronger anti-oxidation 
ability of nitrocatechol units. 
2.5.2.3 Dual Thermo- and Magneto-Responsive Properties of Ferrogels 
Dual thermo- and magneto-responsive ferrogels have broad applications ranging from drug 
delivery to actuators.105 The dual thermo- and magneto-responsive ferrogel has been developed 
for controlled delivery of an anticancer drug, doxorubicin,106 in which the leakage of NPs was 
prevented by covalently crosslinking copolymers using NPs as crosslinkers. We report here that 
dual thermo- and magneto-responsive macro ferrogels were formed by crosslinking the 
catecholic copolymer and the nitro copolymer using Fe3O4 NPs. 
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2.5.2.3.1 Dual Thermo- and Magneto-Responsive Catecholic Copolymer-5%-Fe3O4 
Ferrogel 
The preparation of catecholic copolymer-5%-Fe3O4 ferrogel was achieved by binding the surface 
of Fe3O4 NPs with catecholic polymer, P(DMA-co-NIPAM)-5%, through five-membered 
chelation bonding between catechol function and Fe3O4 NPs.
9 First, the Fe3O4 NPs were 
dispersed into the polymer/ethanol solution under sonication for 30 min. Then, to induce 
crosslinking, an ammonia solution (pH=10) was added after ethanol was evaporated. In the basic 
environment, catechol fractions with negative charges could more readily bind to the surface of 
iron oxide NPs (for dopamine, pKa1=9.05, pKa2=11.98).
107 The magnetic Fe3O4 NPs here not 
only provided the magnetic field susceptibility, but also served as crosslinkers. Furthermore, the 
catechol fractions tended to be oxidized to quinone and semiquinone in an alkaloid environment, 
leading to covalent crosslinking.108 Generally, the ferrogel was set after swelling in water 
overnight.  
The cloud point of the catecholic copolymer was measured using a thermometer. The aqueous 
polymer solution was clear at 4 oC, due to the high solubility of NIPAM fractions resulting from 
the hydrogen bonding with water at low temperatures (Figure 2.35 (a)). However, when the 
temperature increased to its cloud point at around 21-22 oC, the solution became cloudy first and 
then solidified at 25 oC (Figure 2.35 (b)) because of the dehydration resulting from hydrogen 
bond-breaking between water and amide groups. Afterwards, new hydrogen bonding formed 
between amide groups and catechol units,95-96 as well as amide groups themselves109 in polymer 
chains (Scheme 2.3).  
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Figure 2.35 The catecholic copolymer-5% water solution (a) at 4 oC, and (b) at 25 oC  
 
 
Scheme 2.3 Hydrogen bonding breaking between amide groups and water, and hydrogen 
bonding formation between polymer chains above the LCST 
 
The LCST of catecholic copolymer-5% and the corresponding polymer-Fe3O4 ferrogel were 
determined by the onset temperatures of the DSC curve with a scan rate at 5 oC/min. The DSC 
heating curve of the wet catecholic polymer containing a limited amount of water exhibits a 
weak endothermic peak at about 24.5 oC with the onset temperature at 20.5 oC, indicating 
dehydration of the polymer. With only 5% of catechol hydrophobic segments, the LCST of the 
copolymer (20.5 oC) is much lower than the homopolymer, PNIPAM, (~32 oC). The LCST of 
catecholic copolymer-5% at 20.5 oC obtained from DSC is consistent with its phase transition 
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temperature observed above using a thermometer. The DSC heating scan curve of the catecholic 
copolymer-5%-Fe3O4 ferrogel shows a strong endothermic peak at around 39.4
 oC with the onset 
temperature at 31.9 oC (Figure 2.36). The LCST at 31.9 oC from the onset temperature of DSC 
curve is close to that of homopolymer, PNIPAM at ~32 oC, and higher than the catecholic 
polymer matrix (20.5 oC). The increased LCST at 31.9 oC can be ascribed to the binding of the 
hydrophobic catechol units to Fe3O4 NPs and lowering the level of hydrogen bonding between 
catechol units and amide groups in the ferrogel (Scheme 2.4). Furthermore, the enhanced phase 
separation temperature indicated by the peak at 39.4 oC was also observed with Fe3O4 NPs
110 and 
gold NPs111 covalently coated by PNIPAM, because of the hydrophilic charged surface of the 
covalently bound Fe3O4 NPs.
111 However, alternation of phase separation temperature does not 
take place in interpenetrating PNIPAM networks.111  
 
 
Figure 2.36 DSC heating thermalgram of the catecholic copolymer-5%-Fe3O4 gel  
with a heating rate of 5 oC/min 
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Scheme 2.4 Catecholic copolymer-5% binding to Fe3O4 NPs along with the breaking of hydrogen 
bonding between catechol units and amide groups 
 
The catecholic copolymer-5%-Fe3O4 ferrogel in water was thermo-responsive (Figure 2.37). The 
ferrogel swelled to about 13 mm at 20 oC (Figure 2.37 (a)) with around 20 times the weight of 
the dry material. When the temperature rose to 50 oC, the ferrogel dehydrated and contracted to 
about 8 mm (Figure 2.37 (b)).  
  
Figure 2.37 Thermo-responsive property of catecholic copolymer-5%-Fe3O4 ferrogel in 
water (a) pH=7, 20oC, and (b) pH=7, 50 oC 
The ferrogel also showed a magneto-responsive property. When a permanent magnet was put on 
the side of the vial, the ferrogel was attracted to the magnet immediately (Figure 2.38). 
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Figure 2.38 Catecholic copolymer-5%-Fe3O4 ferrogel attracted to a permanent magnet 
 
2.5.2.3.2 Dual Thermo- and Magneto-Responsive P(NDMA-co-NIPAM)-5%-Fe3O4 
Ferrogel  
  
Scheme 2.5 Nitro copolymer-Fe3O4 ferrogel preparation 
The nitro copolymer-5%-Fe3O4 ferrogel was prepared from the nitro copolymer-5%, P(NDMA-
co-NIPAM)-5%, using a procedure similar to the preparation of the catecholic copolymer-5%-
Fe3O4 ferrogel (Scheme 2.5). Trifluoroacetic acid (TFA) was added into nitro 
copolymer/methanol solution to limit the polymer-Fe3O4 binding before adding Fe3O4 NPs. The 
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evaporation of TFA in an air atmosphere triggered crosslinking of nitro copolymer-5% by Fe3O4 
NPs to yield the ferrogel.  
The nitro copolymer-5%-Fe3O4 ferrogel showed magneto- and thermo-responsive properties. 
The ferrogel saturated with water was about 18 times the dry gel weight. When the temperature 
rose from 4 oC to 60 oC, the length of the ferrogel contracted from 17 mm (Figure 2.39(a)) to 
around 11 mm (Figure 2.39(b)). The movement of the ferrogel could be controlled using a 




Figure 2.39 Thermo-responsive property of nitro copolymer-5%-Fe3O4 ferrogel in 
(a) water, pH=7, 4 oC, and (b) water, pH=7, 60 oC 
 
 
Figure 2.40 Nitro copolymer-5%-Fe3O4 ferrogel attracted to the side of a permanent magnet 
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2.5.3 Summary 
Owing to the stronger binding affinity to Fe3O4 NPs by introducing the nitro group to catechol, 
the nitro copolymer showed enhanced ability to retain Fe3O4 NPs. After putting the polymer-
10%-Fe3O4 suspensions on a permanent magnet for 30 minutes, the percentage of Fe3O4 NPs 
leaked from the nitro polymer matrix was about five times less than from the catecholic polymer, 
a dramatically reduced leakage due to the high binding affinity of nitrocatechol counits toward 
Fe3O4 NPs. 
The catecholic polymer-5%-Fe3O4 ferrogel showed lower stability than the nitro polymer-5%-
Fe3O4 ferrogel. While the catecholic polymer-Fe3O4 ferrogel was broken down by the addition of 
NDMA, the nitro polymer-5%-Fe3O4 ferrogel was intact in the presence of DMA, demonstrating 
higher stability of the nitro polymer ferrogel. Furthermore, different from the tendency of 
oxidization of catecholic polymer leading to permanent crosslink, the nitro polymer-5%-Fe3O4 
ferrogel showed no permanent crosslink resulting from oxidation. 
Composed of thermo-responsive NIPAM segments and magnetic Fe3O4 NPs, both ferrogels are 
thermo- and magneto-responsive. The length of a catecholic copolymer-5%-Fe3O4 ferrogel 
shrunk from 13 mm to 8 mm when the temperature rose from 20 oC to 50 oC (Figure 2.37). The 
nitro copolymer-5%-Fe3O4 ferrogel formed via chelation bonding between Fe3O4 NPs and the 
nitro copolymer-5%, shrunk from about 17 mm to 11 mm when the temperature increased from 4 
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2.6 Comparison of the Binding Ability to a Small Organic Molecule, Fluorophenylboronic 
Acid (FPBA) 
In supporting of our NP study, the improved binding affinity of nitro copolymers to a small 
organic molecule, FPBA, was investigated through studying the corresponding binding constants. 
The binding constants of small diol molecules toward boronic acids have been determined using 
various methods including NMR (e.g., 19F NMR and 11B NMR), UV and fluorescence.112-114 
While competitive binding against Alizarin Red S was involved to obtain binding constants using 
fluorescence indirectly, NMR can give binding constants directly. 1H NMR is more sensitive and 
informative than 19F NMR and 11B NMR for measurement of binding constants.114 We report the 
influence of the nitro group on the binding affinity to FPBA. Binding constants of catechol and 
nitrocatechol polymer derivatives were determined from 1H NMR data. 
2.6.1 Experimental 
2.6.1.1 Materials 
Catechol (99%, Alfa Aesar), 4-nitrocatechol (99%, Alfa Aesar) and 4-fluorophenylboronic acid 
(FPBA, Frontier Scientific, Inc) were used as received. P(DMA-co-NIPAM)-5% and P(NDMA-
co-NIPAM)-5% syntheses were described in Section 2.3. 
2.6.1.2 Instrumentation 
All NMR spectra were conducted using 10 % of D2O in PBS solutions with an Agilent VNMRS 
(600 MHz) with a HCN cryoprobe. The data were processed using SpinWorks or Excel. 1H 
NMR spectra were collected using a presaturated water suppression pulse sequence with an 
observed frequency of 599.9414 MHz, 2.0 s relaxation delay, 4.2 µs of 90 o pulse, and 64-512 
scans. 
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The electrode of the pH meter was calibrated using two standard aqueous buffer solutions with 
pH’s close to the targeted pH values. 
2.6.1.3 Measurement of Binding Constants to FPBA 
A solution of 0.20 mg/mL of FPBA was prepared in 0.1 M of PBS (pH=6.5, 7.4 and 8.5) 
(solution A). Then a diol of choice (catechol, 4-nitrocatechol, the non-nitro or nitro copolymer) 
in excess (about 2-3 equiv.) was dissolved in the FPBA solution (solution B). The resulting pH 
values of solution A and solution B were tuned to the corresponding pH, if there was any 
deviation. Solution A and solution B were mixed with different ratios (about 500 µL, 10 % D2O) 
in a NMR tube to determine the binding constants. As a result, the concentration of FPBA was 
diluted 1.1 times by adding D2O. Each sample was mixed using a Vortex Genie mixer (Fisher 
Scientific) for 3 minutes before the NMR measurement. The influence on pH from D2O was 
ignored without correction. Spectra were collected every 5-10 min for 30-40 min to make sure 
equilibrium had been established, and trimethylsilylpropanoic acid (TSP) was used as reference 
calibration at close to the LCST of copolymers, 20 oC or 15 oC. 
2.6.2 Results and Discussion 
2.6.2.1 Comparison of the Binding Constants to FPBA between Catechol and Nitrocatechol 
Catechol and 4-nitrocatechol were chosen as small molecule models to bind FPBA because of 
their simple structure as compared to other catechol derivatives. These structures not only allow 
ready peak identification in 1H NMR, but also avoid unwanted side-reactions.  
The experiments were performed in PBS solutions. Unlike other buffer systems (i.e. Tris, Tris-
HEPES, citrate buffer…), phosphate salts neither form complexes with boronic acids nor 
interfere with 1H NMR spectra, though the exchange of hydroxyl group of boronic acids with 
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water can be catalyzed by phosphate.112 As a result, this factor has to be considered when the 
results obtained here are compared with the reported results in the literature which employed 
other solution systems (with or without other buffers).  
Before binding tests, 1H NMR spectra of catechol, 4-nitrocatechol and FPBA were recorded as 
reference spectra at pH 6.5, pH 7.4 and pH 8.5 (Figure 2.41, Figure 2.42 and Figure 2.43). With 
increasing pH, the peaks of FPBA, catechol and 4-nitrocatechol shift upfield various degrees 
because of deprotonation. Especially for 4-nitrocatechol with strong acidity, the peak of the 
proton in the meta- position to the nitro group shifts from 6.9 ppm to 6.6 ppm.  
 
Figure 2.41 1H NMR spectra of FPBA at pH 6.5, pH 7.4 and pH 8.5 at 20 oC 
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Figure 2.42 1H NMR spectra of catechol at pH 6.5, pH 7.4 and pH 8.5 at 20 oC 
 
 
Figure 2.43 1H NMR spectra of 4-nitrocatechol at pH 6.5, pH 7.4 and pH 8.5 at 20 oC 
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The concentration of FPBA for binding tests was selected to obtain precise binding constants. 
Due to the strong binding between catechol derivatives and FPBA, high concentration of starting 
materials can lead to high conversion without detectable starting materials at equilibrium 
(Scheme 2.6). Therefore, the binding tests were performed in diluted aqueous FPBA solutions 
(0.20 mg/mL of FPBA) to minimize the conversion of the starting materials. 
 
Scheme 2.6 Boronate ester formation between catechol derivatives and FPBA 
 
Binding tests were performed at pH 6.5, pH 7.4 and pH 8.5. Selected 1H NMR spectra of binding 
affinity measurements between FPBA and small diol molecules are shown in Figure 2.44 and 
Figure 2.45, with a constant starting ratio of diol to FPBA (1:1). Upon mixing of FPBA and a 
diol, the tetrahedral catechol boronate (7.51 ppm, 7.05 ppm, 6.75 ppm) and the nitrocatechol 
boronate (7.52 ppm, 7.07 ppm, 6.75 ppm) bearing a negative charge appeared immediately 
indicating instant complexation in a 1:1 ratio. Different from the signals of starting materials, no 
peak shift for boronates was observed. The binding equilibrium was established within 30 
minutes for all of the reactions monitored using 1H NMR. Furthermore, increasing pH improved 
the yield of the boronate implying the involvement of hydroxide anions in the formation of the 
tetrahedral bronate esters. The absence of planer neutral boronate ester was consistent with the 
literature.115 
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Figure 2.44 1H NMR spectra of catechol boronate ester formation at different pH with a constant 
starting ratio of catechol to FPBA (1:1) at 20 oC 
 
Figure 2.45 1H NMR spectra of nitrocatechol boronate ester formation at different pH with a 
constant starting ratio of 4-nitrocatechol to FPBA (1:1) at 20 oC 
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Figure 2.46 Determination of binding constants between catechol and FPBA 
 
 
Figure 2.47 Determination of binding constants between 4-nitrocatechol and FPBA 
y=K x, K=binding constant 
y=K x, K=binding constant 
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In order to examine the detailed influence of the nitro group and pH on binding behavior, the 
binding constants at different pH levels were calculated based on the integrals of clearly resolved 
peaks in 1H NMR at equilibrium. The binding constants were obtained by plotting the graphs of 
[Boronate] vs [FPBA] × [Diol] (Figure 2.46 and Figure 2.47).  
Table 2.7 Binding constants of FPBA to catechol and 4-nitrocatechol, as well as the 
corresponding percentages of deprotonation at different pH levels  
 













0.16 1.2 14 9.27 
4-Nitrocatechol 3090 6620 8180 39 83 98 6.69 
a: R. Pizer and L. Babcock, Inorg. Chem., 1977, 16, 1677-1681. b: Reported binding constants of 
catechol and phenylboronic acid at various pH values.116 
 
The corresponding binding constants with FPBA of catechol and 4-nitrocatechol at pH 6.5, pH 
7.4 and pH 8.5 (Table 2.7) are close to the reported binding constants.116 The binding constant of 
4-nitrocatechol to FPBA is about 18 times higher than catechol at pH 6.5, and 4-5 times at pH 
7.4, indicating higher binding affinity of 4-nitrocatechol due to its stronger acidity. At pH 8.5, 
the binding affinity levels off with similar binding constants at around 8200 M-1. Therefore, the 
binding affinity and the enhancement factor (EnF) depend on pH levels which determine the 
concentrations of the catecholoate and nitrocatecholate. 
To further explore the relationship between binding constant, pH level and the deprotonation of 
diols, the concentrations of catecholate and nitrocatecholate were calculated based on the 
reported pKa values (Table 2.7).
26 For 4-nitrocatechol, the binding constant was proportional to 
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the concentration of nitrocatecholate. When the pH value rose from 6.5 to 7.4, and 7.4 to 8.5, the 
binding constant and the concentration of nitrocatecholate increased by factors of ~2 and ~1.2. 
For catechol, the binding constant and concentration proportionally increased by ~8 times, when 
the pH rose from 6.5 to 7.4. This finding implies that the deprotonated diols are responsible to 
complex with ligands. However, when pH increased from 7.4 to 8.5, ~10-fold increase of the 
catecholate concentration only enhanced the binding constant by ~6 times. This implies that the 
binding constant not only depends on pH, but also relies on the buffer, steric effect, pKa of 
boronic acid, and the type of diols as well as other factors.116 Generally, a high EnF, 18, due to 
the introduction of the nitro group, was in favor in an acidic environment. As the pH was 
increased from 6.5-8.5, catecholate was produced faster than nitrocatecholate, and the gap of 
binding ability between catechol and 4-nitrocatechol closed gradually. 
2.6.2.2 Comparison of the Binding Constants to FPBA between the Catecholic Polymer and 
the Nitro Polymer 
The aqueous soluble catecholic and nitro copolymers, P(DMA-co-NIPAM)-5% and P(NDMA-
co-NIPAM)-5%, were selected to study the influence of the nitro group on the binding affinity of 
copolymers to FPBA at pH 6.5 and pH 7.4. The measurement of the binding constants between 
copolymers and FPBA followed the same strategy for small molecules, catechol and 4-
nitrocatechol. The 1H NMR spectra of the copolymers were collected at different pH levels 
before the measurement of binding constants (Figure 2.48 and Figure 2.49). In the measurement 
of binding constants, the concentrations of FPBA and boronates were obtained from the well-
resolved peak shift of the ortho- proton of boron. The polymer concentration at equilibrium was 
calculated by subtraction of the boronate molarity from the starting molarity of diol units in 
polymers (Figure 2.50 and Figure 2.51).  
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The polymers exhibit similar EnF values with small molecules, regarding to binding FPBA. At 
pH 6.5, due to the insolubility of the catecholic copolymer at 20 oC, the binding tests were 
performed at 15 oC, showing that the binding constants with FPBA of the catecholic copolymer 
and the nitro copolymer are 90 M
-1 (Figure 2.52) and 2200 M-1 (Figure 2.53), reflecting an EnF 
of ~20. At pH 7.4, the EnF is about 5 at 20 oC based on the binding constants of the catecholic 
copolymer (550 M-1, Figure 2.52)  and the nitro copolymer (2820 M
-1, Figure 2.53). The 
enhancement of pH to 8.5 increases the binding constant of the catecholic polymer to 2530 M-1. 
Due to the strong acidity of the nitro copolymer, its aqueous PBS solution at pH 8.5 and the 
related EnF are unavailable. The operating temperatures, 15 oC and 20 oC, for binding constant 
measurement were slightly lower than the LCST of copolymers at pH 6.5 (18-20 oC) and pH 7.4 
(22-25 oC), leading to tight polymer coils in PBS solutions. As a result, for the small molecule, 
FPBA, the steric hindrance and lower accessibility to the diol functionalities in the polymer coils 
resulted in lower binding constants of copolymers than catechol and 4-nitrocatechol.61  
 
 
Figure 2.48 1H NMR spectra of P(DMA-co-NIPAM)-5% at pH 6.5, pH 7.4 and pH 8.5 
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Figure 2.49 1H NMR spectra of P(NDMA-co-NIPAM)-5% at pH 6.5 and pH 7.4 
 
Figure 2.50 Selected 1H NMR spectrum of boronate formation between P(DMA-co-NIPAM)-5% 
and FPBA at pH 7.4 
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Figure 2.51 Selected 1H NMR spectrum of boronate formation between P(NDMA-co-NIPAM)-
5% and FPBA at pH 7.4 
 
 
Figure 2.52 Determination of binding constants between P(DMA-co-NIPAM)-5% and FPBA 
 
y=K x, K=binding constant 
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Figure 2.53 Determination of binding constants between P(NDMA-co-NIPAM)-5% and FPBA  
 
2.6.3 Summary 
The binding affinity of catechol, 4-nitrocatechol, P(DMA-co-NIPAM)-5% and P(NDMA-co-
NIPAM)-5% to FPBA was evaluated in PBS solutions at different pH values using 1H NMR. 
The measured binding constants indicate 4-nitrocatechol possesses stronger binding ability to 
FPBA than catechol in acidic and neutral media, due to the enhanced acidity of 4-nitrocatechol. 
High pH environment improves the binding performance of catechol and 4-nitrocatechol, with 
the leveling off of the binding ability. Similar to the findings of catechol and 4-nitrocatechol, the 
binding constants with FPBA for the catecholic copolymer and the nitro copolymer at pH 6.5 and 
7.4 reveal stronger binding ability of the nitro copolymer by factors of ~5 and ~20, respectively, 
demonstrating the enhanced ability of polymer to retain small molecules. 
 
 
y=K x, K=binding constant 
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Chapter 3 Preparation and 
Characterization of Magneto- 
Responsive Fe3O4-PVA Gel 
 
3.1 Introduction 
As one of the most popular biomaterials, highly elastic poly(vinylalcohol) (PVA) gels bearing 
multiple hydroxyl groups with controllable hydrophilicity and solubility117 play significant roles 
in a broad spectrum of applications including drug release carriers and actuators.118-120 The gels 
were usually fabricated by crosslinking PVA polymer chains with glutaraldehyde or 
epichlorohydrin.117, 121 However, the crosslinkers are toxic to human bodies. To avoid using such 
crosslinkers, a repeated freezing-thawing method was developed to produce PVA gels stable at 
room temperature through crosslinking by PVA crystallites formed in situ (scheme 3.1).122  
 
Scheme 3.1 PVA gelation using freezing-thawing method.   (a) PVA solution, (b) After the 
initial freezing-thawing cycle, microcrystals form as crosslinkers, (c) After several freezing-
thawing cycles, formation of more crystal crosslinkers leads to phase separation123 
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PVA magneto-responsive ferrogels for drug release have been fabricated by dispersing magnetic 
particles into PVA solutions, followed by gelation using a freezing-thawing method.50, 118 
However, the NPs could leak out of the gels due to the lack of covalent bonds between magnetic 
NPs and PVA chains.6 To address this leakage problem, various systems have been developed 
including silane agents5, 124-125 widely applied as anchors for the coating of metal oxide NPs 
through formation of covalent bonds with the hydroxyl groups on the surface of metal oxide 
NPs.6 In the present approach, vinylized Fe3O4 NPs were copolymerized with vinyl acetate (VAc) 
to produce polyvinyl acetate (PVAc) copolymer with bound NPs.125 The PVAc copolymer was 
then converted to PVA by hydrolysis. Subsequently, ferrogels were prepared from PVA-
Fe3O4/water suspensions using the freezing-thawing method. 
3.2 Experimental 
3.2.1 Materials 
Vinyl acetate (≥99%, Sigma-Aldrich) was purified by passing through a column packed with a 
basic alumina inhibitor remover (Sigma-Aldrich). Citric acid (Enzyme grade, Fisher Scientific), 
vinyltrimethoxysilane (VTMOS) (98%, Alfa Aesar), ferrous chloride hexahydrate (99.5%, Fisher 
Scientific), and sodium sulfite (98%, Sigma-Aldrich) were used as received.  
3.2.2 Characterization 
FT-IR spectra were collected using a Bruker Vertex 70V FT-IR spectrometer at ATR mode or 
applying samples on polyethylene cards (3M), operating at 4 cm-1 resolution and 32 scans. 
Thermogravimetric analysis (TGA) was performed under purging air from room temperature to 
800 oC at a heating rate of 5 oC/min using a TA Instruments Q500 thermogravimetric analyzer. 
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Differential scanning calorimetry (DSC) was performed using a DSC Q100 from TA Instruments 
with a scan rate of 5 °C/min. 
3.2.3 Typical Procedures 
The PVA-Fe3O4 ferrogels were obtained in a sequence of steps, including vinylization of Fe3O4 
NPs, copolymerization of vinyl-Fe3O4 NPs and VAc, hydrolysis of PVAc segments of the 
resulting copolymer, followed by gelation of PVA-Fe3O4 using the freezing-thawing method. The 
NPs involved here were prepared following a reported method using citric acid as a dispersant.51, 
87 The detailed procedures are described below.  
3.2.3.1 Functionalization of Fe3O4 NPs with Vinyltrimethoxysilane 
To vinylize Fe3O4 NPs (15 nm), 0.7 mL of VTMOS was dissolved in 3.3 mL 90% aqueous 
ethanol solution followed by dispersing 0.1 g of Fe3O4 NP powder into the VTMOS solution. 
The mixture was stirred for 24 h at room temperature. Then the resulting vinyl-Fe3O4 NPs were 
separated using a permanent magnet and washed with ethanol. Finally, the vinyl-Fe3O4 NPs were 
dried in a vacuum oven at 65 oC. 
The control experiment of VTMOS hydrolysis without Fe3O4 NPs was performed under the 
same conditions. 
3.2.3.2 Preparation of PVA-Fe3O4 NPs 
Vinyl-Fe3O4 NPs (0.13 g) were mixed with 1.2 g of vinyl acetate, followed by the addition of 0.3 
mL of methanol. Subsequently, 0.013 g of AIBN was added as the thermal initiator. The 
polymerization was run at 70 oC for 4 h under a nitrogen atmosphere. Then the obtained PVAc-
Fe3O4 NPs were dispersed in 24 mL of methanol. After 0.08 g of NaOH in 1 mL of 
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methanol/water (v/v=1/1) was added into the suspension, the PVAc segments of PVAc-Fe3O4 
NPs were hydrolyzed at 60 oC for 12 h. The undispersed NPs were removed by centrifugation at 
4000 rpm (1900 g) for 5 min (VWR International, Clinical 50 Centrifuge with a rotor radius of 
10.62 cm). The suspension was filtered and the separated solid was washed with methanol. After 
vacuum drying, 0.26 g of PVA-Fe3O4 composite was obtained. 
3.2.3.3 Gelation of PVA-Fe3O4 NPs 
PVA-Fe3O4 NPs (0.17g) were dispersed in 1.7 mL of water and the suspension was placed in a 
freezer at -15 °C for 20 h, and then kept at room temperature for 4 h. The freezing-thawing cycle 
was conducted three times to obtain the final gel product.50 
3.3 Results and Discussion 
 
Scheme 3.2 Preparation of PVA-Fe3O4 gel 
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The preparation of a PVA-Fe3O4 gel is described in Scheme 3.2. First, Fe3O4 NPs were 
functionalized with vinyltrimethoxysilane (VTMOS) in water/ethanol (v/v=1/9) at room 
temperature. Then the resultant vinylized Fe3O4 NPs, vinyl-Fe3O4 NPs, were copolymerized with 
VAc to form PVAc with bound NPs. Subsequently, the obtained PVAc-Fe3O4 NPs were 
hydrolyzed with 0.08 N NaOH in 25 mL of methanol/water (v/v=24.5/0.5) at 60 oC to yield 
PVA-Fe3O4 NPs, denoted as PVA-Fe3O4-x% (x% is the weight percentage of Fe3O4 in the 
composite from TGA). The aggregated Fe3O4 NPs were removed through centrifugation. Finally, 
the magneto-responsive gel was produced from a 9 % aqueous suspension of PVA-Fe3O4 NPs 
via the freezing-thawing method at -15 oC and 20 oC cycles three times, without the use of 
external crosslinkers. 
 
Figure 3.1 FT-IR spectra of species involved. (a) hydrolyzed VTMOS, (b) Fe3O4 NPs, (c) vinyl-
Fe3O4 NPs, (d) PVAc-Fe3O4 NPs, (e) neat PVAc, (f) PVA-Fe3O4-14%, (g) neat PVA 
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The coating of Fe3O4 NPs was confirmed using FT-IR (Figure 3.1). For the FT-IR spectrum of 
vinyl-Fe3O4 NPs, peaks at 1601 cm
-1 and 1408 cm-1 are assigned to the C=C stretching vibration 
and vinyl CH2 in-plane bending vibration, establishing the presence of vinyl groups on the 
surface of NPs.126 Similar to the red shift toward 870 cm-1 of ferrihydrite doping with Si,127-128 
the shift of the Si-O vibration from 893 cm-1 of hydrolyzed VTMOS to about 877 cm-1 of vinyl-
Fe3O4 NPs is due to the formation of Si-O-Fe, demonstrating that the double bond covalently 
attached to the surface of Fe3O4 NPs. The assignment of some FT-IR peaks is shown in Table 3.1. 
After polymerization, no obvious sharp C=C double bond band around 1600 cm-1 is observed. 
Meanwhile, the polymer coating on Fe3O4 NPs is indicated by the 1720 cm
-1 band arising from 
PVAc ester C=O. The ester C-O band of PVAc appears at 1230 cm-1. For PVA-Fe3O4 NPs, 
complete removal of acetyl groups is confirmed by the disappearance of the C=O peak of the 
ester group at around 1720 cm-1. Furthermore, the shift of C-O from 1230 cm-1 to about 1090  
cm-1 establishes the conversion of PVAc to PVA.  
 











1600 1601 1601 C=C stretch126, 129 
1411 1410 1408 CH2 in-plane
126, 129 
1277 1277 1278 CH in-plane bend126 
 
1194  Si–O–Si asymmetric stretch16 
1088 1070 1040 Si–O stretch126, 130 
1011 1009 1009 CH2 rock
126, 129 
969 966 967 CH2 or CH wag
126, 129  
 893  Si-OH126, 129 
  877 Si-O-Fe127, 131 
773 766  Si–C stretch126 
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The weight losses of Fe3O4 NPs, PVA-Fe3O4 NPs and PVA were determined using TGA (Figure 
3.2). For all of the samples, the weight loss below 250 oC is due to the evaporation of water. For 
Fe3O4 NPs, less than 5% of citric acid was from their surface. For PVA-Fe3O4 NPs, the 
decomposition of PVA side chains (chain-stripping elimination of H2O) and backbones takes 
place from 250 oC to 330 oC, and from 375 oC to 450 oC, respectively.132 The Fe3O4 weight 
fractions range from 3%-14%. As compared to pure PVA, the water elimination of PVA-Fe3O4 
NPs ends at lower temperatures, due to the restricted mobility of PVA fractions and their 
interaction with bound Fe3O4 NPs.
124 Similarly, the degradation of polyene backbones of PVA-
Fe3O4 NPs also terminates at lower temperatures, though the onset degradation temperatures are 
close to one another.124, 133  
 
Figure 3.2 TGA thermalgrams of Fe3O4 NPs, PVA-Fe3O4 NPs and pure PVA 
The DSC curves of pure PVA, PVA-Fe3O4-3%, PVA-Fe3O4-12% and PVA-Fe3O4-14% are 
displayed in Figure 3.3 to show the influence of Fe3O4 NPs on PVA. All curves exhibit 
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endothermic Tm peaks at around 230 
oC. Generally, Tm decreases as more Fe3O4 NPs were 
incorporated. The higher Tm (229.4 
oC) of pure PVA than PVA-Fe3O4-3% (227.0 
oC), PVA-
Fe3O4-12% (226.8 
oC) and PVA-Fe3O4-14% (225.6
oC) is expected according to the relationship 
between Tm and copolymer composition described by Flory.
134 The single strong Tm peaks 
indicate that the PVA-Fe3O4 NPs are uniform. The endothermic peaks at lower temperatures of 
PVA-Fe3O4-3% (49.4 
oC), PVA-Fe3O4-14% (50.2 
oC) are likely due to the dissolution of some 
PVA crystallites in the presence of residual water.135 
 
Figure 3.3 DSC thermalgrams of PVA-Fe3O4 NPs and neat PVA 
Figure 3.4 shows the TEM images of Fe3O4 NPs, vinyl-Fe3O4 NPs and PVA-Fe3O4-14%. Fe3O4 
NPs in the TEM image with an average diameter of 15 nm are displayed in irregular shapes 
(round, triangle and cubic) (Figure 3.4 (a)), which were sampled based on 100 random selected 
particles by the software, Nano Measurer 1.2 (Department of Chemistry, Fudan University, 
Shanghai, China). The aggregation of Fe3O4 NPs (Figure 3.4 (a)) and vinyl-Fe3O4 NPs (Figure 
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3.4 (b)) indicates the low dispersing ability of citric acid and VTMOS. However, well dispersed 
PVA-Fe3O4 NPs without significant aggregation are displayed in Figure 3.4 (c), reflecting that 
PVA is a better dispersant with abundant hydroxyl groups, which can form hydrogen bonds with 
Fe3O4 NPs. The clusters (~100 nm) shown in the TEM image could be formed through linking 
Fe3O4 NPs with polymer chains. Due to the low electron density of PVA, PVA of PVA-Fe3O4 
NPs are not observed in the TEM image. During the functionalization process, the morphology 
of Fe3O4 NPs did not change.  
 
Figure 3.4 TEM images of (a) Fe3O4 NPs, (b) vinyl-Fe3O4 NPs, (c) PVA-Fe3O4-14% 
 
Our PVA-Fe3O4 ferrogels were obtained from the three freezing-thawing cycle procedure. As 
compared to PVA/Fe3O4 ferrogels without covalent bonding between polymer chains and NPs,
50, 
118 the Fe3O4 NPs might serve as stable crosslinkers via covalent bonds and multiple vinyl 
functionalities to enhance the gelation efficiency. The swelling ratios of the ferrogels saturated 
with water were defined by equation (3.1). Ws and Wd are the weights of water-saturated gels 




                   (3.1) 
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Table 3.2 Swelling ratios of PVA-Fe3O4 ferrogels with different Fe3O4 contents  
PVA-Fe3O4-x% 3% 12% 14% 14% 
Swelling ratio  1.61 1.65 1.66 1.76 
Days in water 
before weighing 
2 2 2 10 
 
The swelling ratios (~1.6-1.8) in Table 3.2 are comparable to the literature values (~1.5-1.8) of 
PVA/Fe3O4 magneto-responsive gels without covalent bonding between polymer and Fe3O4 NPs. 
The loading amount of Fe3O4 NPs did not affect the swelling ratio, consistent with the 
literature.118  
Figure 3.5 (a) shows the brown PVA-Fe3O4-14% ferrogel in a relaxed state in water in the 
absence of the magnetic field. The water-saturated gel is 2.7 times the weight of the dry PVA-
Fe3O4 composite. The brown color was possibly due to the Fe2O3 resulting from the oxidation of 
the surface of Fe3O4 NPs. When a permanent magnet was applied, the ferrogel was attracted to 
the magnet immediately and contracted significantly (Figure 3.5(b) and (c)). Upon removal of 
the magnet, the ferrogel recovered back to its former shape showing the shape-memory property. 
While a 3.5 % or less of weight loss in 48 h was reported for PVA/Fe3O4 magneto-responsive 
gels without covalent bonds between NPs and the polymer,118 our gel showed no particle 
diffusing out of the gel soaked for both more than 48 h at 28 oC and even further than one year at 
4 oC. Besides magneto-responsivity, this PVA-Fe3O4 gel is also thermo-responsive, which 
collapsed in boiling water due to the dissolution of crystallites135 and the gel could be reformed 
via freezing-thawing cycles (Figure 3.5(d)).  
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Figure 3.5 PVA-Fe3O4-14% ferrogel (a) in water, (b) in water on the top of a permanent 
magnet with volume contraction, (c) in water under the side attraction of a permanent magnet 
with volume contraction, (d) dissociation in boiling water 
3.4 Conclusions 
PVA-Fe3O4 ferrogels were prepared from copolymerization of vinyl functionalized Fe3O4 NPs 
(15nm) with VAc followed by hydrolysis of the resulting copolymer to PVA. The Fe3O4 NPs 
were vinylized by reacting with vinyltrimethoxysilane. The PVA with Fe-O-Si covalent bonds 
was confirmed using FT-IR. The weight percentages of Fe3O4 were determined using TGA. The 
sharp Tm peaks in DSC indicate uniform PVA-Fe3O4 NPs. TEM shows well-dispersed PVA-
Fe3O4 NPs prior to gel formation. In the absence of added crosslinkers, the PVA-Fe3O4 gels were 
formed using the freezing-thawing method in water.50, 118 The swelling ratios were independent 
of the loading amount of Fe3O4 NPs in agreement with the literature. Containing more than 60% 
of water by weight, the highly elastic Fe3O4-PVA-14% magneto-responsive gel responded to a 
permanent magnet attraction with significant size instantaneous contraction. The ferrogel showed 
no leakage of NPs even after long-term storage for more than one year. The gel could be 
decomposed in boiling water. The ultra-stable PVA thermo- and magneto-responsive gel at room 
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temperature represents a significant advance in designing non-toxic magneto-responsive 




Chapter 4 Conclusions and 
Perspectives 
 
Well-defined nitrocatecholic random copolymers with ultra-strong binding affinity toward iron 
oxide NPs and organic boronic acids have been synthesized for the first time based on a radical 
copolymerization of a protected catecholic vinyl monomer. In the free radical copolymerization 
of NIPAM with TBDMS-Cl-protected dopamine methacrylamide (DMA), linear P(SDMA-co-
NIPAM) containing 10 % and 5 % of catechol moieties was obtained without the complications 
of retardation and inhibition during radical copolymerization. Nitration of P(SDMA-co-NIPAM) 
was conducted using fresh acetyl nitrate. After removal of protective groups using TBAF, the 
catecholic and its corresponding nitro copolymers obtained differ structurally only by nitro 
substituents.  
The enhancement factor (EnF) for the nitro copolymers binding toward Fe3O4 NPs was evaluated 
through competitive binding to the NPs by the two copolymers. Based on the bound and free 
polymer ratios, a remarkable EnF of ~40 was obtained, establishing the ultra-strong binding 
affinity of the nitro copolymers toward Fe3O4 NPs. In addition, the dual thermo- and magneto-
responsive P(NDMA-co-NIPAM) ferrogel showed enhanced stability and anti-oxidation 
characteristics.  
The binding constants to the small organic molecule, 4-fluorophenylboronic acid (FPBA) of the 
nitro and the catecholic copolymers were measured in PBS solutions. At pH 6.5, the binding 
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constants of the nitro and non-nitro copolymers are 2200 M-1 and 90 M-1, displaying an EnF, ~20, 
due to the introduction of the nitro group. At pH 7.4, the binding constants of the two 
copolymers increase to 2820 M-1 and 550 M-1, showing an EnF, ~5. 
Thus, our polymer synthesis strategy holds promise for development of nitrocatecholic random 
copolymers incorporating other vinyl comonomers for various multiple-responsive materials as 
drug carriers,66, 68, 136-137 fluorophores,61, 138 cell targeting reagents62 in bio-applications including 
drug delivery, imaging and biosensors.58 
A robust ferrogel system based on vinylized NPs copolymerization and crosslink through 
crystals has been developed. Vinylalcohol-Fe3O4 ferrogels were prepared from aqueous 
suspensions of PVA-Fe3O4 NPs using a freezing-thawing method. The Fe3O4 NPs were 
covalently attached to the PVA chains via Si-O-Fe bonds. Under the attraction of a permanent 
magnet, the PVA-Fe3O4 ferrogel showed significant contraction. After long-term storage of more 
than one year, no leakage of Fe3O4 NPs was found, showing potential applications in controlled 
release.  
Fabrication of stable iron oxide NPs with drug loading for desirable delivery represents an 
exciting challenge.1-3, 139-142 In the future research, based on the strong binding ability of 
P(NDMA-co-NIPAM) to iron oxide NPs and boronic acids, thermo- and pH-sensitive magnetic 
nanocomposites can be synthesized for drug delivery. In a gradient magnetic field, the NPs in 
blood can be guided to the targeted tissue by an external or implanted magnet.140-142 Boronic acid 
model drug such as bortezomib (BTZ) can be loaded into the nanocomposites through its highly 
stable diol-boronate bonds at pH 7.4, and released at pH 6.5 mimicking an extracellular tumor 
environment.66-68, 137 For the thermo-sensitive polymers,106 the replacement of catechol moieties 
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by nitrocatechol with stronger binding ability could prevent or reduce drug loss during 
circulation at pH 7.4.106 The performance of the nitro nanocomposites can be evaluated through 
the binding constants of BTZ-polymer and BTZ release rates in vitro at different temperatures 
and pH levels. Our work can contribute to laying a promising foundation for treating a broad 
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4018-4026. 
70. Park, J. K.; Kim, K. S.; Yeom, J.; Jung, H. S.; Hahn, S. K., Macromol. Chem. Phys. 2012, 
213 (20), 2130-2135. 
71. Odian, G., Principles of polymerization. John Wiley & Sons: 2004. 
72. Sever, M. J.; Wilker, J. J., Tetrahedron 2001, 57 (29), 6139-6146. 
73. White, J. D.; Wilker, J. J., Macromolecules 2011, 44 (13), 5085-5088. 
74. Faure, E.; Lecomte, P.; Lenoir, S.; Vreuls, C.; Van De Weerdt, C.; Archambeau, C.; Martial, 
J.; Jérôme, C.; Duwez, A.-S.; Detrembleur, C., J. Mater. Chem. 2011, 21 (22), 7901-7904. 
75. Lee, H.; Lee, B. P.; Messersmith, P. B., Nature 2007, 448 (7151), 338-341. 
76. Durgun, E.; Grossman, J. C., J. Phys. Chem. Lett. 2013, 4 (6), 854-860. 
77. Corey, E.; Venkateswarlu, A., J. Am. Chem. Soc. 1972, 94 (17), 6190-6191. 
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